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In the N=l supersymmetric extension of the Standard Model, neutralmos associated in super- 
00 ' multiplets with the neutral electroweak gauge and Higgs bosons are, as well as gluinos, Majorana 

^— ^ , fermions. They can be paired with the Majorana fermions of novel gaugino/ scalar supermultiplets, 

l/^ ' as suggested by extended N=2 super symmetry, to Dirac particles. Matter fields are not extended 

^— ^ , beyond the standard N—1 supermultiplets in N—l/N=2 hybrid supersymmetry to preserve the chi- 

ral character of the theory. Complementing earlier analyses in the color sector, central elements of 
such an electroweak scenario are analyzed in the present study. The decay properties of the Dirac 
fermions xd and of the scalar bosons a are worked out, and the single and pair production- channels 
ji^ ■ of the new particles are described for proton collisions at the LHC, and electron/positron and 77 

^ collisions at linear colliders. Special attention is paid to modifications of the Higgs sector, identified 

with an N—2 hypermultiplet, by the mixing with the novel electroweak scalar sector. 



1. INTRODUCTION 

Neutral electroweak gauge bosons are described by self-conjugate fields with two degrees of freedom before symmetry 
breaking. In A'^=l supersymmetry [l|-l3[ the gaugino partners G of the gauge bosons G^ in the supermultiplets G — 
{Gp,,G} are correspondingly self-conjugate Majorana fields with two independent components for the two helicitics. 
They mix with neutral higgsinos to form the neutralino fields x'^. However, in N^2 extended supersymmetric 
3, cf. Ref. |4l4ll|. gauginos G' with scalar partners a are introduced in novel A^=l chiral supermultiplets 



scenarios, 



E = {G", cr}, which together with the original A^=l gauge supermultiplets constitute the N—2 gauge hypermultiplets 
Q = {G, E}. For suitable mass matrices, the new gauginos can be combined with the original ones to form Dirac fields 
Gd ~ G (£> G' . Including the higgsinos, the neutralino fields can thus be identified with Dirac fields x%- 



The transition from Majorana to Dirac fields renders the theory [partially] i?-symmetric 12|- -R-symmetry, a 



continuous extension of the i?-parity concept, is associated with global transformations of the fermionic coordinates, 



9 — >■ e*"6' and 9 — s- e~*"^. All Standard Model (SM) fields earry vanishing i?-chargc. Assigning the i?-chargc +1 to 
6*, the gauge superfields and the matter chiral superfields carry i?-charges and +1, respectively. As a result, the 
kinetic part of the action is i?-syinmetric. In gauge superfields the i?-chargcs of the gaugino components G are +1, and 
equally for the scalar components of the matter lepton and quark superfields. Higgs superfields are assigned i?-charges 
0, giving rise to {0,-1} for the i?-charges of the Higgs fields themselves and the higgsino fields. Thus the tri-linear 
Yukawa terms in the superpotential carry i?-charge +2 and the corresponding action is i?-invariant, unlike the /i-term 
for which the associated action, with R = —2, is not _R-invariant. Soft Majorana mass terms of gauginos and the 
tri-linear scalar coupling terms, which break supersymmetry, carry R = +2 so that the corresponding Lagrangians 
are not i?-invariant. However, assigning i? = to the chiral superfields E, the new gaugino G' fields carry i?-charge 
— 1. Thus, Dirac mass terms, combining the old and the new gaugino fields, are i?-invariant. 

The conservation of i?-charges, initially motivated by the transition from Majorana to Dirac gauginos, has important 
physical implications. The theory naturally suppresses the baryon and lepton number violating operators and the ^ 
term in the superpotential. Since it also forbids soft SUSY breaking gaugino Majorana masses in the Lagrangian and 
Higgs couplings to sfermion pairs, SUSY flavor-changing and CP-violating contributions, for instance, are reduced 
significantly, widening the potential parameter space for supersymmetric theories 



131. The more restrictive Dirac 



gaugino masses, on the other hand, are allowed. Moreover, since the scalar components a of the chiral superfields 
E have i?-charge 0, they can couple to SM particles so that a particles can be produced singly in standard particle 
collisions. In addition, they can decay to pairs of SM particles [and, similarly, to pairs of supersymmetric particles]. 

The A^=l chiral supermultiplets within the N~2 gauge hypermultiplets contain scalar sigma fields <t in the adjoint 
representations of the gauge groups SU(l)c, SU(2)/ and U(l)y. In the electroweak SU(2)/ and U(l)y sectors the 
scalar fields can acquire non-zero vacuum expectation values and they can mix with the original Higgs fields. As a 
result, the properties of the Higgs particles are modified in this scenario. 

In A*'=2 supersymmetric theories the standard iV=l L/ R matter supermultiplets are complemented with new L/ R 



matter multiplets [l4l |. To keep the theory chiral, in agreement with experimental observations, the masses of the 
new multiplets must be chosen very large so that A^=2 supersymmetry is effectively reduced to A^=l supersymmetry 
in this sector. Exceptions are the two Higgs doublets which can be associated with the two supermultiplets within a 
Higgs hypermultiplet. Since the gauge and Higgs sectors are framed in the N=2 formalism, but the matter sector in 
N=l is not, the theory is conventionally termed N=l/N=2 hybrid theory. 

The transition from the Majorana-type Minimal Supersymmetric Standard Model (MSSM) to a Dirac theory by 
expanding the gauge sector can be formulated in a smooth way by suitable transitions of the parameters in the {G, G'} 
mass matrix. We start with an infinitely large G' Majorana mass at the beginning of the path, which is congruent 
with the original MSSM. Lowering the Majorana masses to zero and generating non-diagonal entries in the mass 
matrix at the end of the path, the two Majorana fields can be combined to a Dirac field if the two mass eigenvalues 
have equal moduli but opposite signs. In this way, the characteristics of the Majorana theory can systematically be 
tagged in the evolution to the Dirac theory, and implications of the Dirac theory can be connected with experimental 
analyses. 

The Dirac theory, including the scalar sigma fields, has been analyzed in two earlier studies [7|, |8| primarily in the 
colored sector, and experimental consequences have been discussed for the proton collider LHC. Basic elements of 
the electroweak sector, including the interaction of the Higgs field with the novel scalar fields, have been presented 
in Ref. Ila, and implications for the relic density in the Universe have been discussed for such a Dirac theory [see 



also [16l - ll8l |]. In the present study we will focus on collider signatures of the electroweak chargino/neutralino and the 
novel sigma sectors at LHC and e+e~ colliders. In addition, modifications of the properties of the Higgs particles 
by interactions with the novel scalars will be discussed. While the theoretical basis of the N^l/N~2 hybrid theory 
is summarized in the next section, phenomenological consequences are worked out for the chargino/neutralino and 
scalar/Higgs sectors thereafter. 
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Table I: The N—2 gauge hypermultiplets for the color SU(3)c , isospin SU(2)i and hypercharge U(1)y groups. The superscripts 
a = 1-8 and i = 1-3 denote the SU(3)c color and SU(2)i isospin indices, respectively. 

2. THEORETICAL BASIS: N=l/N=2 HYBRID THEORY 
2.1. Hyper/Superfields and Interactions 



The N=l/N=2 hybrid model, which can be evolved from the MSSM continuously to a Dirac gaugino theory, includes 
a large spectrum of fields. The N~2 gauge hypermultiplets Q = {G, E} can be decomposed into the usual N=l 
vector supermultiplets of gauge and gaugino fields G = {G^,G}, complemented by chiral supermultiplets of novel 
gaugino and scalar fields E = {G'^a}. The new gauge/gaugino/scalar fields, together with the MSSM fields, are 
shown explicitly for the color SU(3)c and the elcctroweak isospin SU(2)/ and hypercharge U(l)i' gauge groups in 
Tab.H 

In parallel to the gauge fields, the neutral gaugino fields G arc self-conjugate Majorana fields with two helicity 
components, analogously the novel gaugino fields G". [The notation G^, G, G", a is used generically for gauge, gaugino 
and a fields; when specific gauge groups are referred to, the notation follows Table HI] To match the two gaugino 
degrees of freedom in the new chiral supcrmultiplet, the components of the scalar fields a are complex. Suitable mass 
matrices provided, the two gaugino Majorana fields G and G" can be combined to a Dirac field Gd- 

In a similar way , the two Higgs-doublct superfields Hd and H^ of the MSSM can be united to an N=2 hypcrficld 
H = {Hd,Hli} 19|, |20|. It may be noted that, after diagonalizing the off-diagonal 2x2 mass matrix, the two neutral 
higgsinos can be interpreted as a Dirac field. 

In contrast, the observed chiral character of the Standard Model precludes the extension of the usual (s)lepton and 
(s)quark supermultiplets Q to hypermultiplets of L/ R symmetric particles and mirror-particles. Moreover, including 
such a large number of new matter fields would make the entire theory asymptotically non-free. Equivalent to 
introducing very heavy masses, the mirror fields can just be eliminated from the system of matter fields ad hoc. This 
supposition generates the N=l/N=2 hybrid character of the theory. 

Corresponding to the complex spectrum of fields, the sum of a set of actions with different bases and characteristics 
describes the N=l/N~2 hybrid theory. The N=2 action of the gauge hypermultiplet Q = {G, S} consists of the 
usual iV=l action of the gauge supcrmultiplet G plus the action of the chiral supermultiplet E which couples the new 
gaugino and scalar fields to the gauge superfield: 

1 
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Ay 



E 
E 



d'^xd-'e tr G"Ga, 



d^xd^ed^e E^exp[G]E, 



(2.1) 
(2.2) 



with the sums running over the gauge groups SU(3)c', SU(2)/ and U(l)y. g are the gauge couplings (denoted by 



gs, g and g' for color, isospin and hypcrchargc) and k are the corresponding quadratic Casimir invariants C2(G). 
Ga ~ '^gG'^c^'^ are the gauge superfield-strengths, T" the generators in the adjoint representation; the traces run over 
the gauge-algebra indices. To this class of actions belongs also the standard (s)lepton/(s)quark gauge action 

Aq = ^l d^xSeSd g1'exp[G]Q, (2.3) 

summed over the standard matter chiral superfields, denoted generically as Q. 

These actions are complemented by gauge- invariant N=\ supersymmetric Majorana mass terms M for the new 
gauge superfields and Dirac mass terms M^ coupling the original and new gauge superfields: 



Am = \ (fxd^dMixY.11, (2.4) 

Ad = f d^xd^eM^0"'trGaf^. (2.5) 



Am, which is bi-linear in the S fields, is part of the superpotential of the theory and contributes to the masses of 
the chiral supermultiplets. The Dirac mass term can be generated, e.g., by the interaction y/zX^Ga^/Mx when a 
hidden-sector f/(l)' spurion superfield acquires a D-component vacuum expectation value X" = 9"Dx, giving rise to 
the Dirac mass M° = Dx/Mx 



21 



According to the general rules, this set of actions generates D-terms bi-linear in the usual slepton and squark fields 
and linear in the new scalar sigma field with a coefficient given by the Dirac mass M^ . When the auxiliary fields D 
are eliminated through their equations of motion, the sigma fields get coupled to bi-linears of the slepton and squark 
fields with strength M^. 

The Higgs sector is rendered more complicated by the interactions with the non-colored scalar sigma fields. The 
Higgs supermultiplets Hd and Hi are coupled to the SU(2)/xU(l)y supergauge fields in the usual way. 

Ah ^ Yj f d^xd^ed^eHJcxp[Gi + GY]Hf (2.6) 

i—u,d 

The part of the superpotential which includes Higgs fields, consists of the standard A^=l bi-linear //-term, 

A^= f d^xd^OfiHu-Hd, (2.7) 

and the tri-linear Higgs Yukawa terms involving the matter fields, which can be adopted from the N=l theory: 

A'q = J d\ d^9 Y. gg rQ ■ H, , (2.8) 

the dots denoting the asymmetric contraction of the SU(2)/ doublet components. New tri-linear interactions are 
predicted in N=2 supersymmetry [5| which couple the two supercomponcnts of the Higgs hypermultiplet with the 
new chiral superfields in the superpotential: 

A'h = f d*xd^^H„-{Xi±i + \Y±Y)Hd. (2.9) 

In N=2 supersymmetry the couplings A/, Ay arc identified with the SU(2)/ and U(l)y gauge couplings, 

Xi^g/V2 and XY = -g'/V2. (2.10) 

In our phcnomcnological analyses we will treat them generally as independent couplings. 

It may be noticed that the Majorana action Am, the /z-term Af^ and the tri-linear Higgs-sigma term A'jj are 
manifestly not i?- invariant. 



Finally, the bi-linear and tri-lincar soft supcrsymmetry breaking terms must be added to the gauge. Higgs and 
matter Lagrangians: 



Cg,uge.soit = -^M^ BB~ iA% [W+ W- +W-W+ + W^° W^° j - ^Mg ^ 9" + h.c. 

-i7\/^ & B' - \M'^ {w'+ W'- + W'- W'+ + W'° W^'°) - \M'g g'" g'" + h.c. 



~m 



Wvf - h {<{<? + h.c.) - m] \a]\' - \ {mf{a\f + h.e.) 



2 l„a |2 1 (I2i^a \2 



-nin \(Tr'\ - n m, 



(a^r+h.c), (2.11) 



-Cfflggs^soft = -<„ [\H+? + \Hin-m]j^ {\H-\^ + \H^, 



'■c \"c\ 

- [Ay Ay G% {H+ H- - Hi H^) + Ai Xi a} (i/„ . r* Ha) + h.c.] , (2.12) 

with i and a being the SU(2)/ and SU(3)c indiees, r' the Pauli matrices, and moreover, 

/^mattcr.soft = - (™|)^,. {^*l'^jL + d^L^j l) - (w?)^^- U*rUjR - (w^-)^^- d*RdjR 

- ("4),j ('^^L^3L + e*LejL) ~ {mfj ^. B*RijR 

- {Aufuhu*R{d,LH+ - u,lK) - (Adfd)A(ujLH^ - J.ii^S) + h.c. 

- {A.Q^feUv.LH-, - ~e,LHl) + h.c. , (2.13) 

with I, 7 now denoting the matter generations. Here, the convention is adopted to use subscripts C, /, Y for parameters 
corresponding to color, isospin and hypercharge gauge groups, respectively. Capitalized mass parameters M are the 
Majorana gaugino masses [Af^ for Dirac], while lower-case m denotes soft scalar masses. The Majorana mass 
terms, M'-, M'- and M~, for the new gauge adjoint fermions are soft 7V=1 SUSY breaking parameters and add 
to the Majorana mass parameters. My, Mi and M^, introduced in Eg. (|2.4p as part of the N=l supersymmetric 
superpotential. 

From this set of actions and Lagrangians, and after eliminating the auxiliary D'^ fields through their equations of 
motion, the masses and mixings of the Higgs and gauge-adjoint scalar particles and their interactions can be read 
off, and correspondingly those of their superpartners as will be detailed below. The final form of the Lagrangians are 
collected in the following list which, in general, includes only interactions of the new fields:^ 

(i) SU(3)cxSU(2)iX U(1)y gauge boson/sigma sector: 

The gauge interactions of the adjoint sigma fields are determined from the scalar kinetic term {Dfj_(Ty{D'^(j) with 
the covariant derivative D^ = dfj, + igsT°'g't + igT^Wn- In addition to their kinetic terms, the term generates the 
Lagrangian for the derivative three-point and seagull four-point interaction terms: 

Cacaauge - -gsf"' 9;. {a'c* d^ ^^h) + 9^'^'^ f'"' 9X'''^c<^c , (2.14) 

Ca.^gauge = -ge^jkW^ iaj*1^ a'}) + gh^kmejlraWJ^W^^ a}'' a\ , (2.15) 

where /"^"^ and e^jk are the SU(3)c' and SU(2)/ structure constants, respectively, and Adf^B = Ad^^B ~ {d^ A)B. 



^ Many of the mass parameters and couplings defining the N=l/ N=2 hybrid model can be complex in general. Nevertheless, for the sake 
of simplicity all the parameters are assumed to be real throughout this paper. 



(ii) SU(3)c sfermion/gaugino/sigma sector: 

The interaction Lagrangian of the sigma field ac with the squarks is given by 

where A° (a = 1-8) are the GcU-Mann matrices. Therefore, the L- and i?-chiral squarks contribute with opposite 
signs as demanded by the general form of the super-QCD D-terms. On the other hand, the interactions of the two 
gluino fields, g and g', with the SU(3)c' sigma field a^ and with the squark and quark fields are described by the 
Lagrangians: 

Cgg'a^. - -V2i.g,r'«=|f5^a^+h.c., (2.17) 



/A A \ 

Cggq = -V2gs [qL—9RQL~qR — 9lqR]+'^-C-, (2.18) 



. A"^ ., . _ A'' .„ 
Y^rIl - 9« Y 

Only the standard gluino couples to squark fields since, as required by N~2 supersymmetry, the new gluino g' couples 
only to mirror matter fields, which in the hybrid model are assumed to be absent. 

(in) SU(2)iX U(1)y sfermion/gaugino/sigma sector: 

In the weak basis, the i?-chiral sfcrmions Jr are SU(2)/ singlets so that only the L-chiral sfermions Jl interact with 
the SU(2)7 sigma field ct/ through the interaction Lagrangians: 

£,,(,,)// = -V2g MP {a} + <) fl^ h + ^9^ e.,fe 'rf cr^ /I y /^ > (2-19) 

where Jl is any matter SU(2)/-doublet field. On the other hand, the Lagrangians governing the interactions of the 
winos, W and W' , with the SU(2)/ sigma field <t/ and the (s)fermion fields are given by 

^a,ww' = -%/2z.ge^^'=TltW^>/+h-C-, (2.20) 

C^fj = -V2ghjW^fL+h.c.. (2.21) 

Only the L-chiral sfermions /^ couple to the standard wino W. 

The U(l)y sigma field cry is essentially a SM singlet state with no tree-level gauge interaction to any of the gauge 
bosons, gauginos and higgsinos. The singlet scalar field couples only to the Higgs bosons and the (s)fermion fields, 
with the latter being given by the Lagrangian: 

C.^fj = -V2g' AlP{a"y + a'y*) {Yf, \fL? - l/'j/fll') , (2.22) 

and the standard bino B (but not the new bino B') couples to the (s)fcrmion fields through the interaction Lagrangian: 

£3^/ - - V2(7' {YfJlBRJL - YfJ^BLlR) + h.c. , (2.23) 

where 1/^ and Yf^ are the hypercharges of the L-chiral and i?-chiral fermions, /l and Jr, respectively. 

(iv) SU(2)iX U(1)y higgsino/ sigma sector: 

The superpotential (|2.9p coupling the new SU(2)/xU(l)y chiral superfields with the Higgs hypermultiplets leads to 
Yukawa-type interactions of the electroweak sigma fields with the higgsino fields. In the weak basis, the interactions 
are described by the Lagrangian 



^aiiH = -^Y^Y{H-RH^L-HlRH'dL) + ^I^UH-RH/,^ + KBH',L)+h.C. 



-V2Xj (ar H-^H",L - 4iL„%i7,-J + h.c. , (2.24) 



where we have introduced two charged scalars and one neutral scalar defined as 

^r = 7f ('^z + '''^i) ' ^"2+ = ^ {^} - *^?) > ^? = <^f , (2.25) 

with each of a\ being complex. 

Combining the above Lagrangian (|2.24p with the Lagrangian (|2.20p for the interactions of the sigma fields with 
gauginos will enable us to derive the vertices for the interactions of the sigma fields with charginos and neutralinos in 
the mass eigenstate basis. 

(v) SU(2)iX U(1)y Higgs/sigma sector : 

The potential for the neutral and charged electroweak Higgs and scalar fields receives contributions from three different 
sources: the gauge kinetic terms, the superpotential, and the soft-breaking terms. Complementing the neutral field 
interactions noted in Rcf. [155 by the charged fields, the potential VaH for the charged and neutral electroweak Higgs 
and adjoint scalars can be written as a sum over four characteristic contributions: 

V,H\i = m%^i\H+\' + \Hy) + m'^^i\H',\^ + \H-\^) + \B,{H:H--H'^,H",) + h.c.], (2.26) 



KtH|2 






2 

+ l[V2MP{aU-r)+9i\4f WI\') + ^.9(|i?.+ P - \H^\' \K\' + IH^,]')? , (2.27) 

VaH\3 - Km + Aya^ - Xi<j1)H- + V2\i<j^Hl\^ + |(/i + Aya°. - A/a?)i/+ - V2\ia+ H^ 
+ |(/i + Xyo^y + A/CT?)i/5 + V2A/4if^7|2 + |(/i + Ay (7?. + Xia'DHl - V2\ia^H+\'' 
+ |My< + XviH+H- - HlH^i)\^ + \Mia'} - XiiH+R- + H'^H^,)\' 
+ \Mial - V2XiH°H^f + \Mi<7+ + V2XiH+H^\^ , (2.28) 

V.H\, - m|.|a0.p + mf (|a?p + |arP + |4n + l«i'^'Yr + h-c.) + i[<((^?)' + 2a+a^) + h.c] 
+AyXYa°y{H+H- - HlH^^) - AAi a^H+H- + H^.M) + h.c. 
+V2AiXi{a^H+Hl - a+R-R^J + h.c. . (2.29) 

After shifting the neutral fields by their vacuum expectation values, the physical scalar masses and the tri- and 
quadri-linear interaction vertices can be read off. 



2.2. Masses, Mixings and Dirac Fields 

Introducing the vacuum expectation values of the scalar/Higgs fields in the Lagrangians of the previous subsection, 
their values are determined by the absence of terms linear in the fields, while from the terms bi-linear in the fields the 
mass matrices for the scalars/Higgs, the charginos and neutralinos can be read off. The vacuum expectation values 
(vevs) of the neutral Higgs and the neutral sigma fields^ are defined as 



1 

V2 
1 



(H'u/a) = -^^u/d, (2.30) 



{a"y/j) = ^VY/i- (2.31) 



Throughout the paper, we restrict ourselves to the case of a CP preserving and neutral vacuum with real vacuum expectation values. 



As usual, the vevs of the Higgs sector can be rewritten as 

^' = yj^l + ^d and tan/3 = — . (2.32) 

The masses of the electroweak vector bosons W, Z are generated by the interactions of the fields with the ground 
states of the neutral Higgs i7°, H^ and the neutral scalar iso-triplet field ct° (while the hyper-singlet field Uy does not 
couple) 

"^|-^(5"+g2)«^ ml^^^g^'+g'vl (2.33) 

The iso-triplet vev shifts the tree-level p-parameter away from unity by the amount 

Ap = p-l = Avj/v^ . (2.34) 



Allowing a maximum value Ap < 10 for the shift j22| . it turns out that the vacuum expectation value of the 




iso-triplet field must be very small, w/ < 3 GeV, c/. jig . We will assume that the soft supersymmetry breaking scalar 
a I mass parameter to/ of order TeV drives vi to the small value. As a result, the Higgs vev v is close to the standard 
value V = 246 GeV, and tan/3 may be identified approximately with the corresponding MSSM parameter. And while 
almost any value for vy is phenomenologieally quite consistent, a large my would drive vy to small values. 



1. Charginos 

Defining the current bases, {W'j^ ,W^ , H^j^} and {W^~, W£ ,Hjj^} for the two charged winos and the charged higgsino, 
the chargino mass matrix can be written as 

M!^ M^ - gvi -Xiv^ 
Mc=\M^+9Vi M2 -j^gvdl, (2.35) 



where 

A/2 = iVV, A/2 == A/(^ + A//, A/2^ = Mf and fic = fJ- + (Ay wy - Xivi)/V2. (2.36) 

Three charginos, i. e. one degree of freedom more than in MSSM and related iso-singlet extensions like NMSSM or 
USSM, are predicted in the general N=l/N=2 hybrid model, labeled Xi 1X2 'X3 (ultimately for ascending mass 
values). The MSSM case is reached in the limit A/2 -^ —00 which corresponds to infinitely heavy W'. By raising 
the magnitude of the W' gaugino mass parameter A/g from —00 to and lowering at the same time A/2 to the 
Dirac limit is obtained. Though the 3x3 mass matrix can be diagonalizcd analytically for arbitrary parameters, we 
study instead the evolution of the eigenvalues analytically in the limit of small couplings, and numerically by varying 
-00 < A/^ < from the MSSM to the Dirac limit. 

For small gaugino/higgsino mixings in the area where the supersymmetry mass parameters M2, M2, Mf , p [and 
the size of their mutual differences] are much larger than the electroweak parameter v, the eigenvalues and mixing 
parameters can be calculated easily. This approximation leaves us with one higgsino mass eigenvalue 

TO3 = Pc, (2.37) 

and a 2 X 2 gaugino mass submatrix with two eigenvalues 



mt2 



hl2TS2\ where 72 = ^{M^ + M2)^ + ig^vj and S2 = ■y/(A/^ - A/2) 2 + 4(A/f )2 , (2.38) 
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Figure 1: Evolution of the chargmo masses as a function of the control parameter y from the MSSM doublet (y = —1) to the 
Dirac (y = 0) triplet along the path Vc ^n Eq. \2.4^ for m — 200 GeV, tan/3 = 5, vj = vy = 3 GeV and the N=2 values for 
the couplings \y,i in Eq. fS.lOp . 



and the two mixing angles for the positive and negative states 

1 



cos 04 



c± = -^ V 1 - (M^ - Mi T ^gviM^)/i252 : 



1 



sin0± = s± = ^^l + (M^2 _ ^q ^ 4gviMi')/-f2S2 



With A/2 = —00 in the MSSM hmit we get c± — and s± ~ 1, while c+ = s_ 
limit with AI^ = M2 ^ and M^,vi > 0. 



1 and c_ 



(2.39) 

(2.40) 
s+ = in the Dirac 



Switching on the weak couplings among the gaugino and higgsino sectors, the chargino mass eigenvalues and the 
mixing parameters derived from 



A^^'^^s 



UlMcU^, 



can be calculated analytically in simple form.'^ The results arc presented in Appendix C. 



(2.41) 



In analogy to the color sector in Ref. [7[ we study the evolution of the eigenvalues in Fig.[T] numerically by varying 
the mass parameters along the path 

M2 = -my , 



A/f = TO , 

^ = 2to, , 



(2.42) 



^ In Appendix A we provide an analytic prescription for tlic singular value decomposition of a general 2x2 matrix and in Appendix B 
the small-mixing approximation. 
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for a fixed value of to = 200 GeV witli tlie control parameter — 1 < y < running from the MSSM [y = —1] to the 
Dirac limit [y = 0]. This set corresponds to mass parameters giving rise to to-± « to, (fixed), m^± « rn[y + 1/(1 + y)], 

Xi X2 

moving from 00 to m, and "i-± « /i (fixed) in the decoupled wino and higgsino sectors and for very small u/. The 



other parameters in the chargino mass matrix (|2.35|) are chosen as tan /? 
for the couplings Xyj are adopted. 



5, w/ = uy = 3 GeV and the N~2 values 



For the parameters chosen, the descending order of the physical masses in the figure reflects, in obvious notation, 
the pattern w' ^ h > w in the MSSM limit. At some medium y, the states w' and h cross over to h > w' , keeping the 
ordering h > w' > w until the Dirac limit is reached. The physical masses in the cross-over zone of the states w' and 
h cannot be described by the standard analytical expansion applied above. They must either be obtained numerically 
or by analytical expansions tailored specifically for cross-over phenomena, see Ref . [23[ . 



2. Neutralinos 



Six neutral electrowcak Majorana fields are incorporated in the N=l/N=2 hybrid model. The mass matrix can be 
extracted from the bi-linear terms of the gaugino, gaugino' and higgsino fields in the Lagrangian of the preceding 
subsection, written in the current basis {B', B, W' , 14^°, i/°, i/°} as 



(2.43) 



where 



Ml 





f M[ Mf 










-^_^YVd - 


-75^^^"^ 




Mf Ml 










y-vu 


~yvd 


TV = 





M^ 




Aff 


~72^^^'i ' 


'^hVu 





Mf 




A/2 


-\gvu 


yvd 




-^AyUd \g'vu 


-^Az«d - 


-\gvu 





-M« 




\~^^yVu -\g'vd 


-71^^ 


Vu 


^gvd 


-Mn 


; 


Mb, 


M[ = M'^ + My, 


M^ ^ 


M^ 


, /"« 


= ^ + (Ay Wy 


+ hvi)/\ 



and M2,M2 are defined in Eq. (|2.36p . This 6x6 mass matrix is diagonalized by the unitary transformation 



(2.44) 



(2.45) 



Six neutralinos, i.e. two degrees of freedom more than in MSSM, are predicted in the general N=l/N=2 hybrid 
model, labeled Xi---6 (ordered according to ascending mass values). They evolve from the MSSM by raising the 
magnitude of the gaugino mass parameters M[ 2 from —00 to finally in the Dirac limit. 

In general, the diagonalization of the 6x6 neutralino mass matrix cannot be carried out in analytic form. However, 
as before, in the limit in which the supersymmetry masses are much larger than the electroweak scale, approximate 
solutions can be found analytically. First switching off the electroweak mixings among the bino, wino and higgsino 
sectors leaves us with two bino mass eigenvalues, two wino mass eigenvalues and two higgsino mass eigenvalues: 

1 



TO?.2 



TO 



3,4 



t^tO 



'5,6 



2 
1 

2 
= M 



\Mi + M[\tSi\ 

\M2+M^\TS2\ 



with Si^2 ~ \ {M'l 2 — A/1,2)^ + 4(A/f2)^ J s-nd the block-diagonal mixing matrix 



t/jv=diag(C/i,C/2,C/h) with Uia = 



Cl,2 
Sl,2 




and Uh = 



i/^/2 -l/\/2 
i/V2 l/\/2 



(2.46) 
(2.47) 
(2.48) 

(2.49) 
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Figure 2: Evolution of the neutralino masses as a function of the control parameter y from the MSSM (y — —1) quartet to 
the Majorana sextet, merging to the Dirac triplet in the (y — 0) limit, for the same path \2.4^ as in the chargino sector with 
hmo/wmo relations chosen as M{ /Mj = 1/2. 



with the mixing angles ci_2/si.2 = i/[l ± {M[ 2 — Afi^2)/<5i,2]/2. 



Switching on the weak coupUngs among the bino, wino gaugino sectors and the higgsino sector, the mass eigenvalues 
and mixing parameters are calculated using the block-diagonalization method described in Appendix B. The results 
of this procedure are relegated to Appendix C. 

The numerical evolution of the ncutralinos in the hybrid model is displayed in Fig. [5] as a function of the control 
parameter y for the same path and parameter set as in the chargino sector, Eq. (|2.42p . and supplemented by the 
bino/wino mass relations A/j « M^ /2, and setting tan/3 = 5 and v/ = uy = 3 GcV. 

The evolution of the neutralino masses follows the same pattern as the charginos, though being more complex due 
to the increased number of states. Starting from the mass pattern w' > b' ^ hi ^ h2 > w > b oi the neutral states 
in the MSSM limit for the parameters chosen above, the first cross-over is observed for &' <-)• /ii, followed by w' <^- ft.2 
and y O w; at roughly the same position. The mass system moves to the final pattern hi = h2 > w' = w > b' = b in 
the Dirac limit. 

The transition from the Majorana to the Dirac theory in the limits M2, M2 and M[, Mi — > can easily be studied 
by analyzing the mass matrix A4n for vanishing gaugino/higgsino mixing. The eigenvalues of the matrix come in 
pairs of opposite signs: irrij for j ~ 1, 2, 3. The Majorana fields in each pair, denoted by x± according to the sign of 
the eigenvalue, can be combined to one Dirac field, 

XD = ix+ + iX-)/V2, (2.50) 

the superposition giving rise to vanishing contractions (xdXd) = 0, as required for Dirac fields. 

The ± pairing of the eigenstates is not restricted to the hybrid neutralino mass matrix with vanishing gaug- 
ino/higgsino mixing but it is also realized if the gaugino/higgsino mixing is switched on and the couplings Xy,i are 
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given by the N~2 relations, Ay = —g'/\/2 and A/ = g/\/2 [15|. The key is the vanishing of the coefBcients of odd 
powers of the eigenvalues in the characteristic eigenvalue equation: 



det(A^Ar — m) = tq + r2m^ + r/^^rri^ + r^m^ 



(2.51) 



with the coefficients given by 



^6 

r2 



ro 



--triM%) = -[{M^r + {M?f +tjil + ^ 



'ZJ I 



Nl 






[M^Mry + [{M^Y + [MrYVn + 2™i[(A/-)^c^^ 



m?fsU 



^-tT{M%)iT{Ml)--iv{M%) 



D 2 



2mz{MY s^ + Mj c^y)/i„C2/3 + m 



z J 



rDnjD, 



tD2 



D„2 



rD„2 



tD 2 



-{Mi^MfunY + 2m'zM^ Mf" iin{M^ c'w + M/^s^)c2^ - m%{M^ c^^ + Mf si^) 



(2.52) 



The odd coefficients r2j+i are linear in traces of odd powers of A^at which vanish. While this is obvious for tr(A^Ar) 
in the Dirac limit Mi^2tM[ 2 — > 0, it can easily be proven also for odd powers of the mass matrix if the submatrix 
that mixes the mass submatrix of the gauginos with the mass submatrix of the higgsinos is orthogonal. This is 
satisfied in Eq. p.43p . a sufficient [but not necessary] condition for orthogonality being the N=2 symmetry of the 
basic Lagrangian. 

If the lightest neutralino is the lightest supersymmetric particle (LSP) and stable, its Dirac or Majorana nature has 
important consequences for cold dark matter phenomenology. This is most clearly seen by inspecting, for example, 
the neutralino annihilation cross section into an electron-positron pair in the MSSM and Dirac limits. Assuming for 
simplicity a pure bino-type MSSM neutralino state Xi = B'^, we obtain 



da 



dcos9 



[X?X? 



16c 



■f3' 



w^ 



+16 



v!l + {vIl - 


- AriiL + 2 - /?2) cos^ + 13^ cos" 6 


v!r + (vIr - 


(7y2^-/32cos2 0)2 

- 4?7ifl + 2 - /32) cos2 6 + 13^ cos'' 9 



{rilp, — /3^ cos^ 



(2.53) 



due to the t- and u-channel L- and i?-chiral selectron exchange where cw = cos^h', is the cm. scattering angle. 



;3 = (1 - 4m2 /s)i/2 and r^iL,R = 1 + 2(mi 



Xi 



2 

&L.R 



bino-type Dirac neutralino state x^ji 



B't 



"^~o)/s■ On the other hand, in the Dirac theory with the pure 



i?^ we obtain for the annihilation cross section 



da 
dcosi 



■Xx'dix'di 



32c: 



■/3 



w^ 



{I - 13 COS eY 

(7?iL-/?COS0)2 



16 



(1-f ^cos6')2 
(r/ifl 4-/3 COS 61)2 



(2.54) 



In other words, in the limit of /3 — > 0, the annihilation cross section p.53|) in the MSSM shows a P-wave suppression 
behavior ^ (3^, while in the Dirac case, the cross section (|2.54p shows only a S'-wave suppression behavior ~ /3. As 
a result, the P-wave suppression of the MSSM LSP annihilation cross sections requires a significant fine-tuning of 
the spectra to be consistent with the WMAP observations 24|. In contrast, the annihilation of Dirac gauginos into a 
fermion and anti-fermion pair has a non- vanishing S'-wave contribution even in the limit of vanishing fermion masses. 
Thus, the annihilation to fermions does not require the chirality flip in the final state, giving rise to enhanced decay 
branching fractions to leptons. This opens the parameter space that fits the WMAP measurements 15|,ll7|. Moreover, 
in contrast to the Majorana case, Dirac gauginos with non-vanishing higgsino fraction can lead to spin-independent 
scattering cross sections off nuclei via the Z-boson exchange 18|, thus significantly altering the prospects for dark 
matter detection experiments. 
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3. Scalar /Higgs Particles 



The scalar/Higgs sector involves various components in the basic Lagrangian: terms derived from the N=2 Higgs- 
Higgs-scalar interactions, the superpotential, the I?-terms and the soft breaking terms. Expanding the scalar/Higgs 
potential about the vacuum expectation values of the neutral fields, w„/d, vy/i, linear and bi-linear terms of the physical 
fields associated with the masses are generated, while tri- and quadri-lincar terms describe the self-interactions of the 
physical scalar/Higgs fields. 

To stabilize the system, the coefficients of the linear terms must vanish; this condition connects the vacuum 
expectation values with the basic parameters of the Lagrangian: 



Vy 



AmYrhj 



X^yXJv^ 



|2to^ g'M^C2p - V2XyH + {My + Ay)XyS2p/V2 

gMfc2p + V2Xifi - {All + Ai)XiS2f3/V2 } 



+ XyXiv'^ 



2m|, 



-/M^C2/3 - \/2Ay^ + {My + Ay)XyS2f3/V2 



for rhyj ^ Xy jv . 



(2.55) 



VI 



'ifayfa 



f - Xl^Xjv^ I 



2?7lv 



-gMPc2fi - V2Xi^i + {Mi + Ai)XiS2p/V2 



-XyXiV 



j'M^C2fS - V2XyH + {My + Ay)XyS2p/V2 } 



2mj 



gMfc2i3 + V2Xifi- {Ml + Ai)XiS2p/V2 for myj :^ Xyjv 



(2.56) 



with the abbreviations C213 ~ cos 2/3 and 82/3 = sin 2/3, and 



™2 



TOy + my + My + ^M^^Y + \XiyV^ , 

tD\1 I 1 \2„,2 
2' 



to| + m!t + Mj + ^{MYY + \X\v^ 



(2.57) 
(2.58) 



The Higgs vevs Vu,d are determined by 



= {ml^^+ii^)vu-B^Vd + -{g'^+g^){vl-vj)vu + -{X''y + XJ)vuvj 
+{V2Xy^i + g'M^)vyVu + {V2Xi^i - .gil/f )w/w„ 

^(My + Ay)XyVyVd /^(^^-f + Ai)XiViVd + -{XyVy + XiVi^Vu , 

= imJi,+li^)vd-B^v^--{g'^ + g^){vl-vj)vd + -{X''y + XJ)vlvd 
+ {V2Xyfi - g'M^)vyVd + {V2XI^l + gMf)viVd 

-— =(My + Ay)XyVyVu 7k(^^I + Al)XlViVu + -{XyVy + XiVifvd , 



(2.59) 



(2.60) 



after inserting the vevs vyj from Eq. (j2.56p . The values of Vu.d and w/ can be determined phenomenologically in terms 
of the observables tan/3 and m'^,m'^, vide Eqs. (|2.32p and (|2.33|) . 



The terms in the Lagrangian which are bi-linear in the fields build up the scalar/Higgs mass matrices. Decomposing 
the neutral fields into ground-state values, real and imaginary parts. 



H,, 



H"d 



1 
1 

71 



[s^(w + h) + cpH + i{cpA - Spa)] 



H+ ^CfjH+- sp a+ 



[ci3{v + h) - spH + i{si3A + cpa)] , H^^ = sp H + cp a 



(2.61) 

(2.62) 
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with the abbreviations c^ = cos/3 and sp ~ sin/3, and 



a'y 



o] 



1 / 

—j={VY + Sy + lay) , 

v2 



^/2 



(w/ + s/ + iai) 



1 

V2 



(4 



71^ 



(2.63) 
(2.64) 



it can be ascertained that the matrix of the imaginary fields involves a massless Goldstone field a, and likewise 
the charged fields involve Og = \va^ + \/2vi{a^ + ctj )]/\/f^ + 4uj. These are absorbed to provide masses to the 
neutral and charged gauge bosons. The neutral fields ft., i?, sy, s/ are parity-even scalars while A, ay, a/ are parity-odd 
pseudoscalars; the charged fields iJ* mix with the associated charged scalar fields s\2^ defined later in Eq. p.80p . 
These elements build up the neutral pseudoscalar 3x3 mass matrix, the neutral scalar 4x4 mass matrix and the 
charged scalar 3x3 mass matrix: 

(i) neutral pseudoscalars: 

In the {A, ay, a/} basis, the 3x3 real and symmetric pseudoscalar mass matrix squared is given by 

/ Ml -^{My - Ay)XyV -^{Mj - Ai)Xiv\ 



Ml = 



-^{My - Ay)XyV 

\-^iMi-Ai)\iv 



v^^ 



72^ 



^XyXlv^ 



^XyXiV^ 



J 



where 



Mi = 2 



m'2 



rhf 



Bf, + XyVy{My + Ay)/V2 + XiVi{Mi + Aj) / ^2 Is2fi 

\ - m'^ + Ml + \}?yv^ , 
? - mf + M} + iA?w2 . 



(2.65) 



(2.66) 
(2.67) 
(2.68) 



This matrix can easily be diagonalized in approximate form in the limit of the genuine supersymmetry parameters, 
my J being much larger than the electroweak scale w, i.e. v/myj <^ 1. This leaves us with three approximately 
unmixed states with their masses 



M, 



M 



A 1 



M, 



Ly , 



M, 



(2.69) 



The expressions for the mass eigenvalues and mixing elements, when the weak coupling among the {A, ay, a/} states 
is retained, arc given in Appendix C. 

(ii) neutral scalars: 

In the {/i, iJ, sy , s/} basis, the real and symmetric 4x4 scalar mass matrix squared jMg is given by 



Ml 



( nil + 5HS2p 5hC2I3 ~'^{2m\. ~ Xlv^) ~^i2mj - Xy)\ 

ShC2i3 M\ - 5hS2I3 Ay A/ 

-^(2ml - Xlv"^) Ay ml 



\-^{2rhj~Xjr 



A/ 



^XyXilP 



^XyXiV^ 
~2 



m 



(2.70) 



/ 



where 



OH 



[iXl. + XJy~2ml]s2p/2, 



Ay = g'M{^VS2p-^Xy{My + Ay)vC2(j., 

Aj = -gMfv S2P - -^hiMi + Ai)v C2p . 



(2.71) 
(2.72) 
(2.73) 



Note that 5h vanishes in the N=2 SUSY limit. Thus, in this limit, the eigenvalues of the Higgs submatrix {/i, iJ} are 
just m\ and M\ 20|, with no dependence on tan/3, a feature markedly different from the MSSM. This submatrix 
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receives several radiative corrections, the most important one accruing from stop/top loops, due to their large Yukawa 
couplings. As a result, the Higgs submatrix is modified to 



\ ShC2i3 M\ - 5hS2p) \ 5hC2/3 + ^H/tl M\ - 5hS2P + ^H/tp^ 

where 



(2.74) 



en— — ]= In ^ — . 2.75) 

The transition from the current basis to the diagonal 2x2 Higgs matrix with eigenvalues 

Ms, ~ mz + 5hS2,3 + eH —^ —^ , (2.76) 

ivij^ — m^ 

Ml « M\ - 5us2p + eW4 + ^'"'l^/'-'y , (2.77) 

is carried out by an orthogonal transformation with the mixing element given by 

tan 9^, = ^ " ^\ ^ ^^ , (2.78) 

with < 61,1 < 7r/2. 

In the limit of rtiyj being much larger than the electroweak scale f, the {sy^si\ submatrix leads to the two 
approximate mass eigenvalues 

Ml = m\ , Ml = mj . (2.79) 

The {h, H} and {sy,si} systems are weakly coupled at the order v/Mj^^v/niYj, and the block diagonalization 
allows to derive the results given in Appendix C. 



After the charged Goldstone bosons Uq are absorbed into the charged gauge bosons, there remain three physical 



(in) charged scalars: 

jldstor 
charged scalar states {7J='=, sf , s^} with the second and third states defined by 

.f = (.f-4)/v/2 and ,.^<^t±4V^_2v^^ (2.80) 

The real symmetric 3x3 charged scalar mass matrix squared A^^± is then given in the {if*, Sj^ , S2 } basis by 

Ml^ = A± rhf + g'vj \^p (A? - \g^) v^C20 , (2.81) 

\-^Aj l^{XJ-y^)v\2p prfij J 

where 

1 v'^ 

Mfj± ^ M\ + m\r + -{\\ - A^)w2 - 4-f m^ + \\\v\ - 4V2/^„A/z;7 , 



A± = (,9V2-A?)«7WS2/3-(A//-A,)A/«/V2, (2.82) 

and A/ is introduced in Eq. (|2.73p . We note in passing that in the TV = SUSY scenario with A/ = g/\f^ the charged 
states S]^ 2 do not mix. 

Assuming that m^ > fh'j > M^± and Mj,Aj ^ Ma, and observing that, again, the charged Higgs/scalar states 
are weakly coupled at the order of v/fhi or v/ih'j, the block-diagonalization procedure provides approximate solutions 
as given in Appendix C. 

The extension of the Higgs sector by the novel SU(2)/xU(l)y adjoint sigma fields has two important consequences: 
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Figure 3: (a) The lightest neutral scalar boson including one-loop top/stop radiative corrections. The red dashed line indicates 
the present experimental lower bound on the mass Msi }t 114 GeV; (b) the neutral scalar masses; (c) the neutral pseudoscalar 
masses; (d) the charged scalar masses, as a function of the hypercharge soft scalar mass my; the isospin soft scalar mass is set 
to mi — 6v to accommodate the small p-parameter and the N=2 values for the couplings \y,i in Eq. f2. 1 01) are adopted. The 



other parameters are fixed to tan/3 = 5, mj^ 
and My ~ Mi — for Dirac gauginos. 



1 TeV, Ma = 2v, my = M^ = v/2, m'l = Mf 



H- 



V, Ay 



Ai = 2v 



• Each of the neutral pseudoscalar/scalar and charged sectors are extended by two new states with masses of the 
order of the characteristic scalar parameters niY and mj. As a result, one of the new pseudoscalar/scalar states 
may acquire mass between a few hundred GeV up to several TeV, while the other will be heavy, i.e., ©(TeV); 
both the new charged states will be heavy likewise. 

• The mass matrix of the Higgs system is modified compared to the MSSM. As pointed out before, the tree-level 
Higgs masses are independent of the mixing parameter tan/3. In addition, the lower bound on the [lightest] 
charged Higgs mass is not guaranteed to exceed the W mass any more [exp erimentally of course, any charged 
Higgs boson with mass below '^ 100 GeV is excluded by direct searches [22|.] 



The tableau in Fig.|3] illustrates the evolution of the three neutral pseudoscalar, four neutral scalar, and three 
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charged masses with the hyper-singlet mass parameter my introduced in the soft SUSY breaking Lagrangian while 
all other parameters are kept fixed. These parameters have been chosen as indicated in the figure caption. 



CHARACTERISTIC PHYSICAL PROCESSES 



New colored particles like gluinos and squarks are expected to be generated, and detected, at the LHC for masses up 
to 2-3 TeV, and the strikingly different phenomenology of novel Dirac gluinos and colored adjoint scalars have been 
discussed in Refs. [7|, |8|. In contrast, the mass window for generating non-colored states like charginos/neutralinos 
directly in quark-antiquark collisions is much smaller as a result of the small electroweak production cross sections. 
Cascade decays of colored states, however, provide a copious source of non-colored particles with large masses i.e. 
through the decay q — >■ q+x- Pair production of non-colored states at TcV e+e~ and e~e~ lepton colliders ILC/CLIC, 
on the other hand, gives access to the non-colored sector up to masses close to half the cm. energy, i. e. about 0.5 
TcV and 1.5 TcV at the ILC and CLIC, respectively, while non-colored adjoint scalars can be produced with high 
masses in 77 collisions. Without specifying the relative size of the masses of the new particles, a myriad of possible 
cascade decays would be predicted, which can, nevertheless, be analyzed phenomenologically by applying quite similar 
techniques. To present a transparent overview we, therefore, focus on representative chains in which sigma masses 
generally exceed the chargino/neutralino masses, as motivated already earlier. 



3.1. Charginos and Neutralinos 

Below, explicit formulae will be given for the iV=l MSSM and the N^2 Dirac limit, while scenarios interpolating 
between the MSSM and the Dirac limit could be obtained by summing up the two individual chargino/Majorana 
neutralino contributions after the proper diagonalization of the hyper-systcm. 

In the hybrid theory, only the original N=l chargino and neutralino fields couple to the matter fields. The analysis 
is simplified considerably by restricting ourselves to interactions with first and second generation (s)fermions. In this 
sector, which is most relevant experimentally, only the gauge components of charginos and neutralinos couple to the 
matter fields. 

In the limit of large supersymmetry scales (in relation to the electroweak scale), the Dirac chargino fields and their 
charge conjugates are given by 

(3.1) 
(3.2) 
(3.3) 

whereas the Dirac neutralino fields and their charge conjugates are 

X% =B'l + Bb., x'di = -Bl - B'r , (3.4) 

X%2 ^W'l^ + W^R, X% = -W'l - Wg . (3.5) 

x'd3 = ^(^Sl - A°fl) , X% = ^{HlL - H",n) , (3-6) 

up to terms of order u/MgusY- Expressed in terms of these fields, the Lagrangians for matter-chargino/neutralino 
interactions in the MSSM Majorana limit and in the Dirac theory can be written as 

-CSajo ^ a^xtdh +gXiULdl - gdhXi^L - gxi dLul, (3.7) 

^Dirac = 9 UL XmdL + 9 Xm "i dl - 9 dh Xdi^l - 9 Xm dL ul , (3.8) 



Xdi 


^W'f+W^, 


Xir = 


-Wi W'+ , 


Xd2 


= wz + w'^, 


Xd2 = 


-W'+ W+ , 


Xd3 


= B^L + -^ufl ' 


Xdz = 


BuL + BJr , 
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and 

^Majo = -9Li fh X° h - gli X° II fl + gm Ir X° Ir + 9*Ri X° Ir Ir , (3-9) 

-^Dirac = -ULi fh Xm h ~ 9*^ Xdi II fl + 9Ri Jr X% Ir + 9*Ri X% Ir f*R ' (3-10) 



where 



gu = V2[g%J,^+gI^f5a] and gm ^ V2g'YfJ,i . (3.11) 



Here u/u correspond to up-type (s)quarks or (s)neutrinos, whereas d/d denote down-type (s)quarks or charged 
(s)leptons. As mentioned above, mixings from electrowcak symmetry breaking as well as from the CKM matrix 
have been neglected. 

In the approximation described by the Dirac Lagrangians a Dirac charge D [7| can be defined which is conserved 
in all processes: 

i^bl'^] = Dll"^] = D[v^'^] = Dixy's] = D[x+,,] = D[x-o^] = I , (3.12) 

m]t] = D[i^R] = D[xl] = D[x-D^] = D[xU = +1 • (3-13) 

Antiparticles carry the corresponding opposite Dirac charges — D. The Dirac charges of all SM particles vanish. The 
squarks g^'^. sleptons £^'^, and sneutrinos i/^'^ belong to the first and second generation. L, i? mixing and large 
couplings to higgsinos preclude the extension of this approximate scheme to the third generation. Nevertheless, the 
scheme proves useful for a c^uick overview of allowed and forbidden processes in the first two generations. For example, 
in the Dirac limit, the production processes e£e^ — > e^e^ and e^e'^ — > C/jS^ with equal helicities are forbidden while 
the opposite-helicity process e£e^ — >■ e£e]^ is allowed. 



Squark Cascade Decays at LHC 



Cascade decays, see e.g. Ref. (25|, are crucial for the analysis of the non-colored supersymmetry sector at LHC. 
Following the rules discussed earlier, we will study invariant masses of quark-jets with charged leptons in squark 
cascade decays: 

Charginos: MSSM: ul ^ dxt ^ diyJl, dl~^ i>i ^ dl+ i/iXi , 

dj, — J> uxi -^ uDi l^, ul^ £>;* -^ ul^ Dixl , (3-14) 

Dirac: ul — >■ dX/ji -^ dl^ vi -^ dl^ vi x^Ji , 

dL-^u Xd2 -^udJi ^u r vi Xm > (3-15) 

Neutralinos: MSSM: Ql ^ 9X2 ^ ql^ l^ ^ ql^ l"^ x"i , (3.16) 

Dirac: ql ^ q Xm -^ ql+ ll ^ q 1+ r X? • (3.17) 

Due to CP invariancc, the charge conjugated versions of these processes are obtained simply by flipping the 
gauge/Dirac charges and chiralities at each step. 

As evident from the list above, the decay chains differ in their chirality structure between the MSSM and the Dirac 
theory, which will leave a characteristic imprint on the angular distributions of visible decay jets and leptons. For the 
squark-chargino cascades this is illustrated by the quark-lepton invariant mass distributions shown in Fig.|4l 

Also shown in the figure is an example of the general 2-Majorana hyper-system away from the Dirac limit. In this 
case one obtains two wino-like charginos xi^2 with distinct masses. The dotted lines in the plots corresponds to a 
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Figure 4: Quark-lepton invariant mass distributions for squark decay chains with intermediate charginos, comparing the 
N—1 MSSM (solid lines) with the N—2 Dirac gaugino theory (dashed lines) and the intermediate hybrid theory (dotted lines). 
Numerical inputs for the plots are ma = 565 GeV, m-± = m-± = m-± = 184 GeV, mr — mc = 125.3 GeV, and m^o = 
= 97.7 GeV. For the case of the hybrid model, the second chargino mass is m-± — 199 GeV, corresponding to a mixing 
008^2 ~ 0.6. Electroweak symmetry breaking effects on the chargino and neutralino mixing matrices have been neglected. 






scenario with relatively small departure from the Dirac limit, so that the two chargino masses are of the same order 
and the W /W mixing angle is close to maximal mixing. 

Nevertheless, the distributions of the 2-Majorana hyper-system are closer to the MSSM in the plots, while the 
Dirac limit leads to drastically different distributions. This can be understood from the fact that the two independent 
charginos Xi ^nd X2 ™ ^^^'^ hybrid model become degenerate in the exact Dirac limit. Interference effects lead to 
large mixing between the two states in this limit. However, a slight deviation from the Dirac limit is already sufficient 
to effectively turn off these interference contributions, since the width of both charginos is relatively small. 

The squark-neutralino cascades have been worked out in Ref. [7|, and are reproduced in Fig. [51 Again, the plots 
show distinct differences between the MSSM and Dirac limits, which can be exploited to experimentally distinguish 
the two cases at the LHC. 



2. Selectron Pair-Production in e e and e'^e Gollisions 



Conservation of the Dirac charge D in the first generation forbids the production of selectrons in equal-helicity 
e~e~ collisions but allows the production in opposite- helicity collisions in the Dirac theory, while all three helicity 
combinations are non-trivially realized in Majorana theories: 



e, e 



L^L 



^'L^L ' ^^R^R ^ ^r'^R ' 



C 7" C 7-) r C 7" C 



-L'-R 



L'-R 



(3.18) 
(3.19) 
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Figure 5: ql invariant mass distributions for squark decay chains involving Majorana or Dirac neutralinos. In the N=l MSSM 
(solid Imes) the squark and anti-squark decay chains lead to identical distributions, in contrast to the N=2 Dirac gaugino theory 
(dashed and dotted lines). Numerical inputs for the plots are lUq = 565 GeV, m-o — m-o = 184 GeV, m^ = 125.3 GeV, and 
rri-oo = rrij^o = 97.7 GeV. Electroweak symmetry breaking effects on the chargino and neutralino mixing matrices have been 
neqlected. 



Three other independent processes are possible in e e+ colhsions: 



Cret — > ere^ 






L'=-R ' 



^L'=-L ' '=-R.'=-L 



6 06 r 7 G r>6 J 



-R.'=-R. ■ 



(3.20) 
(3.21) 



Noting that {iPl/rY — {'^'^)r/L: the additional process e^e^ -^ e/jej in the second group is the CP-conjugate of the 
first process and needs not be analyzed separately. Since non-zero s-channcl 7, Z exchange requires opposite Icpton 
helicities, the first electron/positron process is driven only by neutralino exchanges while the other two processes are 
mediated by both i-channel neutralino and s-channel vector-boson exchanges. Moreover, the first process violates 
conservation of the D charge and thus is forbidden in the Dirac theory. Simulations of some processes have been 
presented in Refs. |26l.l27|. 



(i) e e collisions : 

Recalling the definitions introduced in Ref. [7|, the e^e^ scattering amplitudes for selectron pair production in the 
general hybrid hyper-system on which we have based the detailed analyses, can be written as 



A[e^e^ 



A[e^t 



^L^L 



] = -2e2 [Mll{s, t) + Mll{s, u)] , 
]= 2e^[M*RR{s,t)+M*RR{s,u)\, 



for same helicity-pairs and 



Ale^e 



L'^R 



-L^Rl 



A[ 



ti rtC T r a T C 



R^L 



L^Rl 



e^Xl^^ sine VLR{s,t), 



(3.22) 
(3.23) 

(3.24) 
(3.25) 



for opposite helicity-pairs, with the two-body final state kinematic factor Xat = A(l, to? /s, tti? /s) [a, b ~ L, R] and 



A(l, x, y) ^l + x'^ + y^ -2ix + y + xy). 



(3.26) 



Here 9 is the scattering angle, and the dimensionlcss neutralino functions Mat and Vab (a, b ~ L, R) 28| are defined 
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by 

Mab{s, t/u) = V -^VakVbk Dkt/u , (3.27) 

6 

Vab{s, t/u) = Y, VafeV^ Dkt/u , (3.28) 

fc=i 

They are determined by the normahzed neutrahno propagators Dkt = s/(t — m'^-o), and similarly for Dku, and the 

Xfc 

effective mixing coefficients 

Vifc = UN2k/i2cw) + UNik/{2sw) , VRk = UN2k/cw ■ (3.29) 

The neutralino mixing matrix elements UNak- introduced in (|2.45p . have a very simple structure if effects from 
electroweak symmetry breaking are neglected, see Eq. (j2.49p . 

After calculating the polarization averaged squared matrix elements and including the phase space factor the 
differential cross sections are 



duLL Ti-a- 



2 



dcosO 4s ^^ 
d cos 6 As 



\^j!l\MLL{s,t) + Mll{s,u)\' , (3.30) 



|2 



-^><RR I Mrr{s, t) + Mrr{s, u) r , (3.31) 



^^ = '^xTR^u.'e[\V,R{^M' + \'Drl{s.u)\'] . (3.32) 

Finally, the unpolarized total cross sections can be obtained by performing the remaining integration over the scatter- 
ing angle 9. Note that a^R and aRL are not physically distinguishable in the e~e~ case, unlike for e^e~ annihilation. 
The cross sections reduce, on the one side, to the familiar MSSM form, see Ref. [261, while in the Dirac theory, on the 
other side, they simplify considerably to 



-l'-lJ 



a[e e ^- e^Cj^J = , (3.33) 



„2 



a\e e — > Cr en = 



^ «^ " 2cV. 



{l + 2ml. Js-mlJs-mlJs)L'o^-2p' , (3.34) 



,1/2 



with 13' = A/^ and the logarithmic function defined by 

1 + /3' + (2to|o - to|^ - m|^)/s 
^^ = ^°^l-/?' + (2m|J-rr4-miJ/s- ^^'^^^ 

The vanishing of the LL and RR cross sections is obvious from D-charge conservation. In the absence of higgsino 
exchanges only the bino-exchange can drive the LR process. 

The evolution of the total cross section from the MSSM to the Dirac limit is illustrated for the two characteristic 
processes e~e~ — >■ e£e£ and e~e^ — >■ ej^e~j^ in the left panel of Fig.[6l which demonstrates how the first process is 
switched off when the Dirac limit is approached. 

(ii) e^e~ collisions : 

The analysis of the e~e+ processes follows the same path. By introducing a normalized s-channcl Z boson propagator 
Dz = s/{s — ra\ + irazT z) and four bi-linear charges 

Zt, = l+'^^Dz, ^Z. = l + %-^^^, (3.36) 

Zt.R = ^+'^Dz. Z-^^^l+'^^^^Dz. (3.37) 
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Figure 6: Dependence of the cross sections for same-sign (left) and opposite-sign (right) selectron production on the 
Dirac/Majorana control parameter y, for y^ = 500 GeV and SPSla' parameters \29J . Not shown are the cross sections for 
e~ e — >■ e^Cj^, which, apart from the different normalization, shows a similar behavior as the cross section for e~e~ — >■ e£e^ . 



we obtain six non-vanishing hclicity amplitudes 



A[ 



a T C r> ?■ C- J- C- 



L'^R 



S-a+l-_.2U/2 



L^L 



]^-e'X]!lsm9[VLL(s,t) + ZZ^] 



A[e-^e+^ile+] = -e'X'^^sm9Z_ 



2\l/2 



A[ej^e~j^ -> e^ejj] = — e^A^^sin^Z 



LL 
2\l/2 ■, 



'LL ' 



R.R ■ 



A[ 



;;-;;+l 



6 E>6 r 7 6 d6 



R^L 



R.^R 



+ 
L^'L 



A[ele 

■^i'^R.^'R 



Ct e 



L^Rl 



e„e 



R^Ll 



] = -e^A^j^sin^ [VRRi.s,t) + Z+J , 
2e^MLRis,t), 



(3.38) 
(3.39) 
(3.40) 
(3.41) 
(3.42) 
(3.43) 



By squaring the hehcity amphtudes, the differential cross sections can easily be derived. The squares are summed 
incoherently if the initial Icpton helicitics arc not specified experimentally. 

As before, the cross sections reduce to the familiar MSSM limit on one side, while in the Dirac limit, on the other 
side, the processes with LR/RL initial state helicities remain allowed, but the LL and RR processes are excluded by 
D-charge conservation. The ZJ-charge of the pair e£e]^ vanishes, thus allowing production in e^e~ collisions, but the 
pair e^ej carries the charge Z? = 2 so that production of this pair in e~e~^ collisions is forbidden. 

The continuous transition from the MSSM to the Dirac limit is illustrated in the right panel of Fig.[6l for the two 

-z+ 

L^R 



representative total cross sections of e e"*" — )■ e^ej, and e e"*" — > e^ej. 



3. Chargino and Neutralino Production in e'^e Collisions 



Direct production of chargino and neutralino pairs in e^e^ annihilation are ideal laboratories to study the properties 
of these particles, see e.g. Ref. 30[. As will be shown here, the characteristic differences between the Dirac theory 
and the MSSM also become evident in these processes. 
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The chargino reactions proceed in general through s-channel 7, Z and t-channcl i>e exchanges. Focusing on the 
gaugino sector, doubled in the general hybrid theory compared to the MSSM, the production cross sections for 
diagonal and non-diagonal charged gaugino pairs are given by 



da 



dcosO 



e e 



XiXi 



2 \l/2 

16s' 



w- 



4s 



W 



■8st^m|][2-Aii sin2 



(s-m|)2 



+2 si 



[s - 2s2^,m|] [1 - An + (1 - X[{' cos 0) 



1/2, 



(s-m|)(?7: 



11 



Aj^( cos( 



2si 



(1-A}f cos6') 



in 



11 



\-^[ cos( 



(3.44) 
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xHf] 
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w- 
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ruys + i 



'W 
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(s-to|)2 
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2\l/2 

7ra Aj2 
4s|j^s 



,2„2 



(1 



(s~to|)(7722 
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A22 COS 0) 



(m2 , 



X2 



(?/l2 - A}^^ COS 6*) 



2cS 



(1-A, 



1/2 
22 



cost 



(?72 



A22 COS ( 



(3.45) 



(3.46) 



and the production cross section of a charged higgsino pair by 



da 
dcosO 



X3X3. 



2 \l/2 

16s 



'w 



4s2u^ + l)(5w-l/2)'52(2-A33sin2 



-vvw 



(s-m|)2 



(3.47) 



with rfij = 1 + (2771? — 771,2^ — 77^2 ^)/sj wherc we ignore the Z boson width and introduce the usual Kallen functions 

Xi Xj 

Xij = X^'"^ {1,171^^ / Sjirii^ / s). As before electroweak symmetry breaking effects in the chargino mixing matrix have 
been neglected. The mixing angles C2 and S2, derived from Eq. (|2.40p by neglecting vj and explicitly given by 



C2/S2 = y^[i ± (M^ - ii/2)/d^2] /2 



with 62 = y'(M^- 1/2)2 +4(Af2^)2, 



(3.48) 



under the assumption A/j + A/2 < and A/j > 0, only modify the t-channel sneutrino amplitude, so that they 
can be determined from the angular distribution of Xi XF production in a straightforward manner. The MSSM limit 
corresponds to (j3.44p with C2 = and S2 = 1. In the Dirac limit, using the basis p.ip . p.2p for the two degenerate 
gauginos, one finds 
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16s,^s 
0, 



(s-777|)(77n 



\l/2 Q\ 

Xi^ cosO) 
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-A^f cos0)2 " 


, (3.49) 


(??11 


-A}f cos6i)2_ 






(3.50) 






(3.51) 



while the higgsino production is identical to the MSSM case. It is noteworthy that unlike the MSSM, three distinct 
pairs of charginos can be produced in the Dirac limit, but the cross sections for xtXi (Xs^Xs^) production, in the 
MSSM limit, are identical to those for XdiXdi {XdsXds) production in the Dirac limit. The latter characteristic is in 
obvious contrast to neutralino and gluino production, which are Majorana particles in one limit and Dirac particles 
in the other. 



As a characteristic example in the neutralino sector we will focus on the production of wino pairs, e^e — > X2X2 
in the MSSM and Dirac limits for the comparison of Majorana and Dirac theories. Neglecting neutralino mixing from 
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Figure 7: Left: the total cross sections for pair production of wino-like neutralinos near threshold m the MSSM and the Dirac 
theory. Right: dependence of the cross sections on the production angle 6 for y/s = Ecm ~ 500 Ge V. The sparticle masses m 
both plots are m^o = m^o = 200 GeV and mg, = 400 GeV. 



electroweak symmetry breaking, the production mechanisms proceed via exchange of selectrons in the t-channel for 
Dirac neutrahnos, and both the i,M-channels for Majorana neutrahnos. The differential cross sections as a function 
of the production angle 6 read 



MSSM: 



Dirac: 



da 



dcost 
da , 



dcosO 



[e+e- ^ xlxl] 



Xd2XD2\ 



TTa 



,3/2 V2L + iV2L - 4??2L + 2 - A22) COS^ 6 + A22 COS^ 
^22 /2 \ „„„2a\2 
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.1/2 (1 



,1/2 
A22 cos 



(%\-A22COs2 0)2 

fl^2 



'w 



^ " in. 



'2L 



A22 cos6')2 



(3.52) 
(3.53) 



As before, A22 denotes the usual 2-body phase space function and 772L = 1 + 2(77t,| — m?o)/s- 

Two characteristics distinguish the Dirac from the Majorana cross section, see Fig.[71 Dirac particles are generated 
in S'-waves near threshold, identical Majorana particles in P-waves, giving rise to threshold onsets proportional to 
the X velocity and its third power, respectively. In contrast to identical Majorana particle production, Dirac particle 
production is not forward-backward symmetric in the production angle 9. The integrated asymmetry is substantial, 
for example ^fb ~ —0.30 for to^o = 200 GeV, rriej^ = 400 GeV and ^/s = 500 GeV. In practice, the measurable 
asymmetry is somewhat reduced by experimental acceptances and cuts, and the fact that the neutralino cannot be 
reconstructed fully from its decay products, but it is nevertheless an important tool to discriminate the Dirac theory 
from the MSSM. It should be noted finally that the cross section for Dirac pair production is equal to the sum of the 
cross sections for the corresponding {kl} diagonal and off-diagonal Majorana pairs as shown explicitly by meticulous 
accounting of interference effects for gluino production in Ref. [7| . 
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3.2. Scalar Particles 



At the Born level the iso-triplet and hyper-singlet sigma fields, aj and ay, couple to sfermions, charginos/neutralinos 
and Higgs bosons. The relevant couplings can be derived from the Lagrangian terms and the scalar potential listed 
in subsection 12.11 The set of new Born and effective loop couplings relevant for the phcnomcnological analyses of the 
dominant a production and decays is displayed in Fig.|8l Only the generic form of the couplings arc noted explicitly 
at the vertices. 



1. Sigma Decays 



Expressed by the effective couplings, gs and gp, in the Lagrangians £ = gBsB*B and C = gF4'F['il5]Fj 
the partial decay widths can be derived generically for bosons B and fcrmions F as 



r[s^BB] = 

r[s -^ FF] = 



9% 



■/3, 



16nm. 

T[a^FF] = ^i!^/3, 
^ ^ Stt ^' 



= s,a, 

(3.54) 
(3.55) 
(3.56) 



with /3 denoting the velocity of the final state particles. The two standard coefficients (3 and /3'^ correspond to S- and 
P-wave decays. 

In the following analyses we will focus on the gross features of production channels and decay modes of the novel 
scalar states so that small block mixing can be neglected. The mass eigenstates are therefore approximately identified 
with the unmixed states syj, ayj and Si 2j and the MSSM states h,H, A, H^ correspondingly. 



For unspecified masses and couplings the following decays are the leading modes of the particles sy and ay '■ 



hh, hH, HH, AA, H+H-; ff*- j^x 



Sy 



ay -^ X+X , xV''^ 



^O^O(c) 



(3.57) 
(3.58) 



(a) 





hM,k 



gM" 



,h,H,A 



(7) 




(b) 




\ a^ 



Figure 8: Diagrams relevant for (a) electroweak a decays and (h) electroweak a production. The 77 couplings to a inc, 
also loops of chargmos, W and charged Higgs bosons. [Values of the couplings denoted at the vertices, are generic] 
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The pseudoscalar particle ay decays only to (higgsino-type) neutralino or chargino pairs, with equal probability 
sufBciently above the threshold region. If 2-body decays are kinematically forbidden, 3-body decays to a (higgsino- 
type) neutralino, (bino-type) neutralino and Higgs boson, as well as loop-decays to ti pairs and photons are predicted. 
It should also be noted that the mass eigcnstate proper, A2, may decay through channels opened by the mixing with 
the pseudoscalar A Higgs boson. As the couplings are of size 0{g'MY) and/or 0(Ay/i, AyMy, Ar^lr), the ensuing 
partial widths are typically of electroweak size above the 2-body threshold regions. 

A detailed set of leading decay branching ratios is shown for the hyper-singlet scalar particle sy in Fig.[51 The 
relevant couplings gs and gp for the scalar sy to Higgs bosons are: 

gsisyhh] = -\/2Ay^„ + gMYC2p + {My + Ay)\yS2p/V2, 

gslsyhH] = -g'M^S2p + {My + Ay)XyC2p/V2 , 
geisyHH] = gsisyAA] = -\/2Ay/^„ - g'M^C2fi ~ {My + Ay)\yS2ii/V2, 

gB[syH+H-] = -V2Xy^Ic + g' M^C2fi - {My + Ay)\yS2p/V2 , (3.59) 

those to supersymmetric particles are: 

9B[syfLfl] = -2g'M^Yf,, 
gBisyfnm = 2g'M^Yf,, 
9F[syH+Hj;] ^ gF[syx^^X]^3] = -Xy/V2, 
gpisyH^H',] = -gF[syx%3Xm]= Ay/V2, (3.60) 

and the relevant couplings for the pseudoscalar ay are: 

9F[ayH+H-] = 9F[ayXmXD3] = Ay/\/2, 

gF[ayHlH^^] = -9F[ayX%X%] ^ -^Y /V2 . (3.61) 

The Dirac chargino and neutralino, Xjj^ and Xds; ^-re defined in terms of higgsinos in Eqs. (|3.3p and p.6p . respectively. 
For the specific set of parameters the hyper-singlet scalar sy decays dominantly to Higgs bosons and sleptons. The 
decays to gaugino-like neutralinos are forbidden due to gauge symmetry and the decays to higgsino-like neutralinos 
and charginos arc kinematically allowed only when the particle is very heavy. 

The iso-triplet scalar states, si,ai and s^ 2, have been assumed very heavy. Several features of the iso-triplet scalar 
interactions determine their potential decay modes. In parallel to the hypercharge states, they do not couple to quarks 
and leptons, but they couple to gauginos, higgsinos and scalar pairs, sfermions, as well as Higgs bosons and/or gauge 
bosons. Thus, if kinematically allowed, the gauge/Higgs bosons, sfermions, charginos and neutralinos constitute the 
dominant decay channels for the sj,aj and s^ ^ states: 

si ^ hK hH, HH, AA, H+H-- ff*; x+r, X°X°^'^ (3.62) 

ai ^ X+r, X°X°^^^ (3.63) 

s±2 ^ H^h, H^H, H^A- ff'*; x+x7rx°^ (3.64) 

with partial widths of the electroweak scale. In addition, the small couplings to electroweak gauge bosons, developed 
by the small iso-triplet vev vj, lead to the two-boson decay s/ — >■ W^W~ ^ albeit at reduced rate. Furthermore, the 
iso-triplet scalar states may decay to gluons, photons, electroweak bosons, quarks and leptons through sfermion and 
chargino/neutralino loops. 



Z. Stop and Stau Decays to Sigma Particles 

Sigma fields carry positive i?-parity, but they couple preferentially to gaugino and squark/slepton pairs. Assuming, as 
before, that they are heavier than charginos and neutralinos, this leaves us with heavy sfermion decays as a possible 
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Figure 9: Dependence of the branching ratios for sy decays on the mass Ms^ ■ The values of the relevant SUSY parameters are 
taken to be tanl3=5, fi — 400 GeV, ruy ~ My = v/2, m'j = Mf = v, Ay — Aj = 2v, together with mj = u, mg^ — 0.95771;- , 



2v, ruq 



0.95771,^^ , 77li 



0.8771,^^ , 77ij = Xt = 0.97Tiq^, ruH = ruA ~ rnjj — 2v, mu ~ 114 GeV. For the charginos 



fC) 



and neutralinos the Dirac limit with M\ 2 = is assumed. Only the leading 2-body decays are shown. 



source for neutral sigma particles: 

h -^ fi+SY ■ 
While the s/ channel is likely too heavy to be open, the pseudoscalars ayj do not couple. 



(3.65) 



Since the mass splitting between the two stops is typically large, let us examine the process t2 ^>- ti + sy first. The 
partial width for this decay mode is given by 

,2 



9f 



-X'^^l,ml/ml,M!jml). 



with A denoting the usual phase space function defined in p.26p and the coupling 



9i 



6V2 



g'M{^ sin 26*4 . 



(3.66) 



(3.67) 



Even for large values of the stop mixing angle %, Fj is typically less than 1 GeV for sparticlc masses of a few 100 GeV, 
compared to a typical i2 total width of a few tens of GeV. Thus the branching ratio for t2 ^ ti + sy can amount to 
a few per-cent at most, so that experimental discovery of this decay channel will be very challenging. 

In the stau system, the decay mode T2 — > fi + sy only becomes viable for large values of the mass splitting nif.^ — nif-^ 
and of tan/3. In such a scenario, however, one typically obtains sizable branching ratios of order 10%. This can be 
explained by the larger hypercharges of the staus compared to the stops, leading to a similar expression for the partial 
width as above but with g^ replaced by 

3 



9f 



2V2 



g'M^ sin 29 f . 



(3.68) 
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While heavy staus wiU be swamped by background at hadron colhders, the process 'r2 — > fi + sy could be a possible 
discovery mode for the sy scalar at high-energy lepton colliders. 



3. Production of Sigma Particles at LHC 

The neutral hyper-singlet and iso-triplet scalar particles sy and si can, in principle, be generated singly in gluon 
fusion processes at the LHC, analogous to Higgs bosons: 

PP -^ 99 -^ syj. (3.69) 

Since the pseudoscalar states ayj do not couple to gluons through squark loops, their single formation channel is 
shut. The adjoint syj scalar coupling to the gluons are mediated by squark triangles, the Z?-terms providing the 
interactions of the squarks with the sigma fields. 

The partonic fusion cross section for sy production, with the Breit-Wigner function in units of 1/il/^ . factored off, 

^[99 ^ sy] = -^T-r-^isy -^ gg) , (3.70) 

can be expressed in terms of the partial width for sy -^ gg, 

V\sy ^ gg\ ^ ^ i^ \}yLTL!{Tj^) - YrtrHtkA ■ (3.71) 

with oiy = g'"^ /At:. The standard triangular function /(r) is defined by 



r ., . n X .2 

/(r) = [sin-i(l/V^)] if r>l, and -- 



In ( . 1 — in 



if < r < 1 , (3.72) 



with tlh = 4M? j^I^Iy ^^'^ ^L.R being the hypercharges of the L and i?-squarks. It should be noted that the 
hypcrchargcs add up to zero for complete generations, but not individually for up- and down-type states for which 
the LjR, hypercharge difference amounts to =Fl. While for mass-dcgencratc complete generations the sum of the form 
factors in the partial width vanishes, the cancelation is lifted for stop states, in particular, with the non-zero difference 
enhanced by the different LjR hypercharges. 



The PP cross section is finally found by convoluting the parton cross section with the gg luminosity 31| , 



a{vp ^ .y] = ^ ^^'\T ''^ t -9i-;Ml)gir/x;M!^), (3.73) 



8s M. 



SY JM? I 



X 



in the usual notation. The cross section for sy production is shown in Fig.[TU]as a function of the sy mass. 

An analogous expression holds for s/ production in pp collisions. However, since the mass of s/ needs to be very 
large due to the p-parameter constraint, the actual size of the fusion cross section will be significantly below 1 fb. 

Other production channels are offered by Higgs-strahlung and electroweak boson fusion. Pairs of electroweak gauge 
bosons couple to the lightest Higgs boson h and the iso- vector s/. All these couplings involve either the electroweak 
vev V or the iso-scalar vev vj. Rotating the mass cigcnstatcs s^ to the current cigcnstates h etc, the cross sections for 
Higgs-strahlung and vector-boson fusion can easily be expressed by the corresponding cross section for the production 
of the SM Higgs boson with equivalent mass: 

a[pp^W^Ws,] = (Osu+A^Osi;y<y{pp^W^WHsM], (3.74) 

<j[pp -^ Z ^ Zs,] = {Osuf <j[pp -^Z^ ZHsm] , (3.75) 
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Figure 10: Cross sections for single sy production through gg fusion in pp collisions at LHC (\fs — 14 TeV). The MSSM 
benchmark point SPSla! , Ref. \29il . is adopted for the numerical analysis. 



with Os denoting the 4x4 rotation matrix diagonaUzing the scalar mass matrix squared M.\ in Eq. (|2.70|) as 
O^gM^gOs = diag(Mj^, . . . , Mg^). Cross sections for vector boson fusion are related in the same way. 

Numerical analyses taking into account the experimental constraint on the p parameter and the mass bound on 
the lightest neutral scalar lead to mixing coefficients of 10"^ and less so that these channels are presumably of little 
value in practice. 



4. Charged Adjoint Scalar Pair- Production in e^e and 77 Collisions 



(i) e^e collision.^ : 

Resonance production of sigma particles in e+e~ collisions is strongly suppressed as the production amplitude scales 
with the electron mass. Since the quantum numbers Q, I^^Y of the neutral sigma states a'j y all vanish, these particles 
cannot be pair-produced in e+e" collisions. However, production channels open up for diagonal charged scalar pairs 
5^2 defined in Eq. (PTHD)) . 
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Figure 11: The cross sections for charged Sj 2 po-ir production in e e collisions at TeV energies. The charged scalar masses 
are assumed to be M-± = 0.5 TeV and M.± = 1.0 TeV. For comparison, the cross section for charged Higgs pair production is 
shown with its mass Mjj± = 0.5 TeV. 

with n=l,2 for L and i?-chiral electron pairs coupled to the Si 2 pairs and equivalently to the H pair, the cross 



section reads: 



Tra^ gh 



'9l. 



3s 



/3^ 



(3.78) 



where s is the total cm. energy squared and (3 the velocity of the particles 8^2 and H^; s^ ~ sin 6\y denotes 
the electroweak mixing parameter. The size of the three production cross sections, identical in form, is illustrated in 
Fig.inifor two different mass values M^± ^± = 0.5 TeV and M,± =1.0 TeV. 



(ii) 77 collisions 

Excellent instruments for searching for heavy scalar/pseudoscalar particles and studying their properties are 77 
colliders, see Ref. 



32[. About 80% of the incoming electron energy can be converted to a high-energy photon by 
Compton back-scattering of laser light, with the spectrum peaking at the maximal energy by choosing proper helicities. 

Depending on the nature of the neutral scalars/pseudoscalars, their couplings to the two photons is mediated by 
charged M^-bosons, charginos, and charged scalars and Higgs bosons. As before, the formation cross sections for the 
states (f> = sy ,si and ay , «/ can be expressed by the 77 widths of the particles and the 77 luminosity: 



(cr(77 ^ (/))) = Stt' 



T{(j) -^ 77) dC 



= croill ^ (/)) T4, 






T4> 



(3.79) 



with r^ = M"^/ s. For qualitative estimates the luminosity function T^dL-^^jdr^ can be approximated by unity after 
splitting off the overall e+e~ luminosity 33 1. 



The partial 77 widths are parameterized by couplings and loop functions, 



T{s/a ^ 77) = ^^ M,/, 



Y^N^^eigt^^A, 



2s/a .sja 



2 
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(3.80) 



The factor N^ denotes the color factor of the loop line, while the couplings gl are expressed by 

4\ = Ay /^/2 , 5I- = ±y/,,, Af^/Af,, , 

g^^± = (V2AyMc - .g'My C2/3 + Ay(Afy + Ay)s2/j/%/2) jM,^ , (3.81) 

s/ _0^2„. /jr Si _ x^i^/n „si _ -,-„ Si \-r,Tfl\r^ 



9U^± - 2g'vi/M,, , gl^± = Az/V2 , gV^ = T.9 , g}[ ^ = ±gliMr /M,, 



1,2 



5^^± = - (V2A/Ai, - ffMf C2^ + A/ (A// - ^/).S2^/%/2J /Af,, , (3.82) 

for the hyper-singlet scalar sy and the iso-triplet scalar s/, and 

5"/±=-Ay/y2, 



'Hi 
aj 

s I a 



gV^=Xj/V2, 9Z±^^±9, (3.83) 



for the hyper-singlet pseudoscalar ay- The loop functions A,- , identical in form for the particles of a given spin, 
include the standard triangular function /(r) in Eq. (|3.72p as 

Ag = l-r/(T), A^/2 = -2x/7[l + (l-r)/(T)] , A-l=2/r + 3 + 3(2 -t)/(t), (3.84) 

for the scalar s, and 

AJ/2 = -2V^/(t), (3.85) 

for the pseudoscalar a, where the subscripts 0, 1/2 and 1 stand for spin-0, spin-1/2 and spin-1 intermediate particles. 

Adopting the SPSla' parameters in the SUSY sector [29[, the reduced 77 cross section 0-0(77 ~^ 4>) for (f) = syj 
and ay,!, defined in Eq. p.79p . amounts to order 1 fb as shown in Fig. [T^] so that for an overall luminosity of several 
hundred fb~^ a sizable sample of neutral scalars syj and pseudoscalars ayj can be generated in 77 collisions. 

4. SUMMARY 



In minimal supersymmetric extensions of the Standard Model the fermionic partners of color and electroweak gauge 
bosons are self-conjugate Majorana fields. Their properties are characteristically distinct from Dirac fields. To 
investigate this point quantitatively, we have adopted an N=l/N=2 hybrid supcrsymmetry model in which the gauge 
and Higgs sectors are extended to A^=2 while the matter sector remains restricted to A^=l. This extension is wide 
enough to allow the joining of Majorana to Dirac fields while keeping the matter sector chiral. By properly varying 
gaugino mass matrices, the original MSSM Majorana theory can be transformed smoothly to the Dirac theory. 

The transition from iV=l to N=2 expands the gauge sector by a matter supermultiplet composed of a new gaugino 
and adjoint scalar multiplet. 

(i) The doubling of the gauginos in N~2 gives rise to new particles along the path from the MSSM to the Dirac 
theory: 

— 8 Majorana gluinos -^ 16 Majorana gluinos -^ 8 Dirac gluinos 
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Figure 12: The reduced production cross sections 0-0(77 ~^ 4>) for 4> — sy.i and ayj ■ The SPSla parameter set \29i l for the 
(s)particle masses, couplings and mixing parameters are adopted for the numerical analysis. 

— 2 charginos — >■ 3 charginos 

— 4 Majorana neutralinos — > 6 Majorana neutralinos — > 3 Dirac neutralinos 

(ii) The adjoint scalars expand also the number of states originally present in the MSSM scalar sector; the new 
SU(2)/xU(l)y scalars mix with the Higgs fields in the electroweak sector: 

— 8 octet complex scalar gluons, generally termed sgluons 

— 1 pseudoscalar state — > 3 pseudoscalar states 

— 2 scalar states — ?► 4 scalar states 

— 1 charged scalar [±] pair — > 3 charged scalar [±] pairs 



The scale of the new degrees of freedom is strongly restricted by the experimentally allowed deviation of the p 
parameter from unity. Since the new electroweak SU(2)/ and U(l)y scalars acquire vacuum expectation values, the 
811(2)/ iso-triplet vev must be small, and the iso-triplet scalar mass parameter is driven into the TeV region. The 
U(l)y hyper-singlet vev, on the other hand, is not restricted by the p parameter and the hyper-singlct scalar mass 
may still be characterized by a fraction of TeV. 

The new degrees of freedom are coupled to the original MSSM fields rather weakly at the order gv/M. This allows 
us to solve the complicated chargino, neutralino and scalar systems analytically in a systematic expansion, i.e. mass 
eigenvalues and mixings. This leads in a straightforward way to the prediction of production channels and decay 
modes. 

The Majorana or Dirac character of gluinos and neutralinos can nicely be discriminated in sfermion-sfermion 
production. While allowed by Majorana exchanges, equal L- or i?-sfcrmion pair production is forbidden in Dirac 
theories, i.e. qL<lL and e^e^ production in pp and e^e^ collisions. In addition, cascade decays involving Majorana 
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neutralinos give rise to charge-symnietric lepton final states, while Dirac neutralinos predict charge sequences as 
governed by the conservation of Dirac charges. Total cross sections and angular distributions in pair production 
of charginos and neutralinos in e^e^ collisions depend on the Majorana or Dirac nature of the underlying gaugino 
theory. 

A variety of production channels are predicted for the scalar states, depending on the nature of the particles: 

— Scalar and pseudoscalar sgluons can be produced in pairs in pp collisions, and scalars singly via gluon-gluon 
fusion. 

— The U(l)y scalar state can be generated in pp collisions via gluon fusion or in stop or stau decays, but not the 
corresponding pseudoscalar partner. 

— 77 collisions offer production channels for all neutral scalar and pseudoscalar, iso-scalar and iso- vector states. 

— The charged iso-vector states can be generated pairwise in e+e~ collisions. 

Thus in contrast to the color sector it is quite difficult to cover experimentally the electroweak hyper-singlet and 
iso-triplet states, the main reason being the expected heavy masses of the new scalar and pseudoscalar particles. 
Nevertheless, given the joint potential of hadron and lepton colliders, all the new scalar and pseudoscalar particles 
introduced by the N^l/N=2 supersymmetric hybrid theory can in principle be accessed. Only the basics of the 
processes have been investigated in this report, while detailed analyses of final states under realistic detector conditions 
are far beyond the scope of this study. 

On the other hand, the suppression of reaction channels and cascade decays in gaugino Dirac theories as opposed 
to Majorana theories for color and electroweak gauginos should provide unique signatures for the Majorana or Dirac 
nature of gluinos and electroweak gauginos. 
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Appendix A: Analytic analysis of the singular value decomposition of a 2 x 2 matrix 

For any n x n complex matrix, there exist two unitary matrices Ul and Ur such that 

UIMUb, = Md = diag(TOi,m2,...,m„), (A.l) 
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where the diagonal elements rrik are real and non-negative. This procedure is the singular value decomposition (SVD) 
of the matrix Ai. If the matrix A4 is symmetric, there exists a single unitary matrix U such that U^A4 U = A4d 
with Ul = Uj{ = U , called the Takagi diagonalization of the symmetric matrix M. 

The singular value decomposition of a 2 x 2 real matrix can be performed analytically. The result is more involved 
than the standard diagonalization of a 2 x 2 symmetric matrix by a single orthogonal matrix. The 2x2 matrix be 
defined as: 

where at least c or c be non-zero. Generally we can parameterize two 2x2 unitary matrices Ul and Ur in Eq. (jA.ip 

by 

ul=olp^{ ^°^^- ^^^^'^'OfoSV (^-^^ 

\ -e^ sm Ol cos Ol J \Opl 

y-ej^sm0R cos 011 J \0 pj 

where < 9l,r i£ '^f'^, £l,r = il and a, /3 = l,i. The two phase matrices, which map the singular values onto 
non-negative values, can be identified without loss of generality, as only their product is fixed. 

If two singular values mi^2 of the matrix M are non-degenerate, they can be determined by taking the positive 
square root of the non-negative eigenvalues ml 2 of the orthogonal matrix A4^M: 

TOi,2 == -^ k+ =Fcr-| with a± = y/{a±b)^ + (c=Fc)2. (A.5) 

Two eigenvalues become identical only if a = ±6 and c — ^c. The smaller eigenvalue, rrii, vanishes if the invariant 
determinant vanishes, detAl ~ ab ~ cc ~ 0. 

Explicitly performing the diagonalization of A^-^Al by Ur and AlAl"^ by Ul, the rotation angles and signs can be 
computed: 



/(Ti cr_ -I- 52 — a^ ± c^ =F c^ . ^ C7<a^—b^+a'^^&±c^ , , r.\ 

cos0L.B, = \ , sm0 L.R^\ , (A.6 

e^ = sign(ac + be) , e„ = sign(ac + be) . (A. 7) 

In the final step of the computation the phase parameters a and /3 can be determined by inserting Eqs. (jA.6p and 
CO| into Eq. dXT]): 

a = ^sign [a(cr+(T_ + 5^ - a'^) - a{c'^ + c?) - 2bcc] , (A. 8) 



/3 = V-sign [5(cr+cr_ + b'^ - a^) + b{c^ + c^) + 2acc] , (A.9) 

up to an arbitrary overall sign of both parameters. If the smaller singular value mi vanishes for det(A^) = 0, the 
parameter a is undefined while all the other angles are uniquely determined. 

In the case a = b = and c = c, two singular values are degenerate with toi^2 = \c\, and the unitary matrices Ul 
and Ur reduce to a single unitary matrix U: 

corresponding to a 7r/4 rotation matrix and a phase matrix, which turns the second eigenvalue positive. 
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Appendix B: The small-mixing approximation in the singular value decomposition 

In this second appendix, we provide details of the singular value decomposition of the mass matrix^ in the small 
mixing approximation, in which the coupling by two off-diagonal matrix blocks is weak and can be treated pertur- 
batively. For mathematical clarity, we present the solution for a general (A^ + M) x {N + M) matrix in which the 
N X N and Af x M submatrices are coupled weakly so that their mixing is small: 



■Mn Xnm 
Mn+m = I ~y I • (B.l) 



To obtain the corresponding physical masses, we must perform a singular value decomposition of M.m+m'-'^ 

^N+M Mn+m Rn+m = diag(mi' , m2' , . . . , uin'+m') , ^fc' > , (B.2) 

where Ljsj^m and Rn^m a-re unitary.^ The non-negative diagonal elements mj,/ are called the singular values of 
A^jv+M, which are defined as the non-negative square roots of the eigenvalues of Mj^.j^jAiN+M or, equivalently, 

M.N+mM^ N+M- 



In Eq. (|B.ip . Mn and Mm are N x N and M x M symmetric submatrices with singular values assumed to be 
generally larger than the matrix elements of the N x M rectangular matrices, X^m and Xnai- In this case, one can 
treat the off-diagonal parts Xnm and Xnm as a perturbation as long as there are no accidental near-degeneracies 
between the singular values oi A4n and A4m, respectively. 

(1) In the first step, we separately perform a singular value decomposition of A4n and A4m- 

Mn = L%MnRn ^<iyAg{mi>,...TnN') , (B.3) 

■^M = lJjMmRm =diag{rnN' +!',■■ -.mN'+M') , (B.4) 



where the diagonal elements rrik' are real and non-negative. The ordering of the diagonal elements may conveniently 
be chosen according to footnote [S) 

Step (1) results in a partial singular value decomposition of Mn+m'- 

— _( 1% O \( Mn Xnm \( Rn O \_f Mn L^XnmRm \ _ ( Mn Ynm \ ,^ ,. 
""" 'W Ll)[ X-N,, Mm)[0- Rm)-[ LIX-n,,Rn Ml )-\ Y^m M^ ) ' ^^''^ 

where O is an N x M matrix of zeros. The upper left and lower right blocks of Mn+m are diagonal with real 
non-negative entries, but the upper right and lower left off-diagonal blocks are non-zero. 

(2) The ensuing (TV + M) x [N + M) matrix, Mn+m, can be subsequently block-diagonalized by performing an 
{N + M) X {N + M) singular value decomposition of Mn+m in an approximate expansion. Since the elements of the 
off-diagonal blocks in Mn+m are small compared to the diagonal elements ruk', we may treat Ynm and Ynm as a 
perturbation. More precisely, Ynm and Ynm can be treated as a perturbation if 



{YNM)i'j' 



rui' — rrii 



< 1 and 



{YNM)i'j' 



nii' — rrii 



<1, (B.6) 



^ The forinalism applies also to general complex matrices [34ll . 

^ In Eq. 1IB.2I 1. wc use primed subscripts to indicate that the corresponding states are continuously connected to the states of the 

unperturbed block matrix, diag(A^jy , Mj^j), where the diagonal matrices Mn ^^'^ -^M ^^^ defined in Eqs. IIB.31 1 and IIB.41 1. 
® When N and M are used in subscripts of matrices, they refer to the dimension of the corresponding square matrices. For rectangular 
matrices, two subscripts will be used. 
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for all choices of i' = 1', . . . , N' and j' = iV' + 1' . . . ,N' + M' . Those conditions, as can generally be anticipated, will 
naturally emerge from the formalism below. 

The perturbative block-diagonalization is accomplished by introducing two (A^ + M) x [N + M) unitary matrices: 

K-N+AI — I I ^ I ) , (o. 

where fi^ and Qr are N x il/ complex matrices that vanish when Xnm and Xnm vanish and hence, like X^m and 
Xnmi are perturbatively small. Straightforward matrix multiplication then yields: 



where 



y^ XT'' '"™+^" -^ fT _xT''ot +QTXT'' M'D 



Ai^^ = Ai^ + r!2A^f,r!], - niY^M - YNAin^j, - ^ninlM^ - ^M^^nRn^i, , (b.io) 



<'S = A^^ ^oTa^^o„^oT^.....^^t o„_i^T^^^f^_i^f^f7t^, 



-^aT = -A^A/ + ^iM^nR + niYNM + Yj^^iQr - -niniMM - -Mm^\^r , (b.ii) 

The block-diagonalization is achieved by demanding that 



Ynm = niM'^j - m'^Ur , , (B.12) 

Ynm = n*jjMZ - Mn^l . (B.13) 

Inserting these relations in Eqs. (|B.10[) and (|B.11I) and eliminating Y^m and Ynm, we obtain: 

M'^"" = aT^ + ^MN^Rni + ^ninlM^ - rf^^ff.oj, , (b.i4) 

M',f = Mm + IMm^^^r + ^nlniMZ - nlMN^R ■ (B.15) 

The results above simplify somewhat when we recall that Atjv ^^^^ -^m ^'^'^ diagonal matrices [see Eq. (jB.3[) and 

(jB.4p ]. Combining the matrix elements of Eqs. ()B.12p and (|B.13P yields two equations for the elements of Hl and ri^: 

1 



mp - mf, 
1 

Ri' j' — ^ ^l2" 

my — TOj/ 



n 



mi'YNMi'j' + Y^M^,j,rnj' 



(B.16) 
(B.17) 



with i' = 1' , . . . , N' and j' = N' + V . . . , N' + M'. Since the elements ilu'j' and ^Riiji are the small parameters of 
the perturbation expansion, the perturbativity conditions previously given in Eq. (jB.6|) arise naturally. 

At this stage, the result of the perturbative block diagonalization is: 



up to third order in Q, in the off-diagonal blocks. The 0(17^) terms can be neglected consistently. Also the re- 
diagonalization of the two diagonal blocks can be omitted. Though the off-diagonal elements of M.']^ and M.'^ are 
of ©(ri^), they only effect, in the singular value decomposition, the corresponding diagonal elements at 0(17"*), which 



37 

we neglect in this analysis. However, the diagonal elements of A^'^ and Al'^f also contain terms of 0{il^), which 
generate second-order shifts of the diagonal elements relative to the Tnk' obtained at step (1). These corrections are 
easily obtained from the diagonal matrix elements of Eqs. (|B.14|) and (JB.ISP after making use of Eq. (|B.16|) : 

"^^' " ^'~2^4t'l ^^^' ^^^' J ' 

with i' = 1', .., N' and j' = N' + 1' , .., N' + M' . The shifted mass parameters correspond to the physical mass values 
if the original mass matrix is real. 

(3) However, for complex mass matrices the shifted mass parameters would in general be complex. These phases can 
be removed by substituting C — > CP and TZ — > TZV with properly chosen phases 

V = diag(e-'"i' , . . . , e-*""'+'>^') • (B.21) 

Starting from Eqs. (jB.lQp and (|B.20p . one can evaluate V to second order in the perturbation VLj^ j^. In particular, for 
£1,2 ^ a, we have a + ei + ze2 — (a + ei)e"^' °. From this result, we easily derive the second-order expressions for the 
physical masses by just substituting 

YY -^ ^c{YY) , (B.22) 

while the phases are given by the imaginary part of YY ^ 

N'+M' _ ^ ^ 

cki' ~ - y^ _ ,_2 ^ _n , Sm ( Ynah'j' Ynah'j' ] , (B.23) 

^ j'Jl^+i' ^'^''^"^i' ~^'j') ^ ^ 

^i' - ~0 XI — 1—2' —2. '=^^iYNMt'3'YNKH'3'] , (B.24) 

with a = 1', .., iV' and j' = N' + 1', .., N' + M' . 

This completes the perturbativc singular value decomposition of the mass matrix for iV-dimcnsional and M- 
dimcnsional subsystems of fcrmions weakly coupled by an off-diagonal perturbation. Thus the physical masses and 
the elements of the mixing matrices can be derived from the parameters of the N x N and M x M subsystems and 
the weak couplings Xj^Mj^nm of the subsystems [rotated to yArj\/ , y/vj\f finally]. 

As noted in Eq. (jB.6p , the perturbation theory breaks down if any mass rrii, from the A'^-dimensional subsystem is 
nearly degenerate with a corresponding mass rrij' from the M-dimensional subsystem (if the corresponding residues 
do not vanish) . In this case the formalism developed in Ref. [23[ can be adopted to calculate the physical masses also 
in the cross-over zones analytically. 



Appendix C: Chargino, neutralino and scalar masses and mixing elements by block-diagonalization 

When the weak couplings among the gaugino and higgsino sectors are switched on the mass eigenvalues and mixing 
parameters are calculated using the block-diagonalization method adopting the formulae in the preceding appendices. 



Chargmos 
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Using the short-hand notation m~± = mf , the chargino mass eigenvalues are given approximately by 



,± _ T^± 



2{{rntY~^il) 



\m^ {XiVuC+ + gvde+s+/V2f + {Xii'dC- - .gw„e_s_/\/2)^ 

-2fical{XiVuC+ + gvde+s+/V2){XiVdC^ - gVue-S-/V2)> , (C.l) 



2i{mfy-fi'J 



-2^c/3c(A/w„e+s+ - gvdC+/V2){XiVde-S- +gVuC-/V2 



(C.2) 



~2m^ al{XiVuC+ + gvde+s+/V2){XiVdC- - .gi'„e„s„/V2)| 
2 

~ r,^/— ±N2_ 2\ I ^''^ (A/i;„e+s+ - gvdC+/V2f + (A/Wde-S_ + gVuC-/V2) 
2({Tn'2 J ^ M J 

-2toJ ;3^(A/u„e+s+ - 5'UdC+/V2)(A7Ude_s_ - .gu„c_/V2 
where the signs e± and the phases a± and f3± are defined by 



e± = sign[(il/^ + A/2)Af2 ±.g(M^-M2)t'/] 



'sign[Af^(cr+cr_ - M^2 _^ ^,^2) _ 2(Af^ + M2){M^Y - 2g^{M^ - M2)vi] , 
(3c = y^sign[7\/2(a+a_ - A/^2 + ^j2) ^ 2(A/^ + A/2)(A/2^)2 - 252(1/^ - M^)vi] , 
and the abbreviations c± ~ cos9± and s± = sin0±, and C2/3 = cos 2/3, S2^ = sin 2/3 have been adopted. 
The gaugino/higgsino mixing elements read in this approximation 



U±ii = acC± , 
U±2i = -ace±s± 

u±3i = -n: 



U±i2 = /3ce±s± , U±i3= acc±il±i3 + /3ce±s±n±23 ■ 

U±22 = PcC± , U±23 = -ace±s±^±i3 + /3cC±r2±23 : 



'±13 ' 



u± 



32 



-n 



±23 ' 



U± 



33 



1, 



The matrix elements of the rectangular il± matrices, which block-diagonalize the mass matrix are as follows 



^ + 13 — 
^+23 = 



i^adXiVdC- - gVue-S-/V2) - fical{XiVuC+ + 



gvde+s+i 



/M/il^l-i^^f): 



T^±, 



m2 ^c(A/i)de-S- + gvuC-/y/2) - ficPc (A/Uue+s+ - gvdc+/v2) /(/i^ - (to2 ) ) 



and 



12_i3 = - mfac{XiVuC+ + gvde+s+/V2) - iJLca*c{XiVdC-. - gVue-s^/\/2) /{fi^ - (mf)^) , 
^-23 = - rn^M^iVu'^+s+ - 9VdC+/V2) ~ ficl3*{XiVde^s_ + gVuC^/V2) /(pi - (fn^)'^) , 
where the signs e± and the phase factors ac and (3c are defined in Eqs. (jC.4p to (jC.6p . 



(C.3) 

(C.4) 
(C.5) 

(C.6) 



(C.7) 



(C.8) 



(C.9) 



As a numerical check for the analytic expansion we show in Fig. [13] the evolution of the approximate versus exact 
chargino masses as a function of the control parameter y from the MSSM doublet {y = —1) to the Dirac (y — 0) 
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Figure 13: Evolution of the approximate versus exact chargino masses as a function of the control parameter y from, the MSSM 
doublet (y = —1) to the Dirac (y = 0^ triplet along the path Vc in Eq. \2.4S,^ for m — 200 GeV and tan/3 = 5. The singularity 
in the cross-over zone can be removed by using the specific formalism for degenerate states as developed in Ref. fejj/ . 



triplet along the path Vc in Eq. p.42p for the same parameter set used in Fig.[T] The deseending order of the physical 
masses in the figure reflects, in obvious notation, the pattern w' ^ h > w in the MSSM limit. When the states w' and 
h become degenerate near y = —0.6, the standard analytical expansion cannot be applied any more. In this situation 
the mass spectrum must either be obtained numerically or analytical expansions tailored specifically for cross-over 
phenomena, sec Ref. [23| . On the other hand, the ordering h > w' > w is kept until the Dirac limit is reached. The 
level-crossing phenomenon near y = —0.2 is due to the mixing between the gaugino and higgsino sectors but not due 
to the w'-w cross-over, as mj > m^ along the entire path. 



Neutralmos 



With m^o = m^ the neutralino mass eigenvalues are given by 



bino sector 



TTiY = ?71i 



771, = TO, 



4(m0 + ^i) 



4(m» - //) 



5'w_ci/V2 + \yv+si 



1 



4(m? - ^) 

2 1 

4(m^ + ^l) 



g'v+si/\/2 + Ayw-Ci 
g'v+Cl/^/2 — Xyv-Si 



(CIO) 
(C.ll) 



wino sector 



Too — Vtlr, 



TO. = TO. 



higgsino sector 



1 



4(to§ + y) 

1 
4(to2 - ii) 



gv-S2/V2 + \iv+C2 
g W+C2/V2 - A/ W+S2 



1 



ill" 


1 


TOg - 


-"' 4(TO?+^) 

1 

1 


777 


4(to3 + m) 
1 


"^6 - 


1 



g'v-Sil\2 — Xyvj^ci 
gv+S2/V^ + A/W+C2 
5'w+si/-\/2 + Ay W_Ci 



4(m° - m) 



.9w;!dS2/V2-A/w„^C2 



4(to§ - ^i) 
2 1 

4(to!^ + ^) 



2 1 

" 4(to^ - m) 
2 1 

4(to4 - /^) 

2 1 

4(to^ + m) 
2 1 



.gw+C2/\/2 + Xjv- 



C2 



S2 



g'v-Ci/vl + Ay v+si 

gW„C2/\/2 — A/l'+S2 



'w+ci/v2 — Ay W_Si 



4(to^ + /x) 



gv+c2/y2 + A/V-S2 



where z;± = ii^ ± w^. 

The final 6x6 diagonahzation matrix reads approximately: 

^r 77 / ^4x4 ^4x2 

V ^^^4x2 -"^2x2 

where the elements of the rectangular matrix i74x2 are as follows: 



bino sector : i^is 



^25 — 



2 (to'/ + ^) 
1 



p'w_si/v2 — Ayw+ci 
.g'w_ci/v2 — Ayw_si 



17 



16 



2(to/ - m) 



Vt 



26 ~ o/tttO 



2(to!' + y) 



g'v+si/^/2 + Ayu_ci 
g'vj^ci/y2 — XyV-Si 



and 



wino sector : $735 = 

i^45 = 

with abbreviations as before. 



2(to!J + /i) 

-1 
2(toO - /i) 



.gu_S2/\/2 + X1V+C2 

5W-C2/V2 — A/W+S2 



O 



36 ~ O/'ttttO 



2K - m) 



17 



46- ^7=0 



2(to!^ + fi) 



gW+S2/\/2 - XlV^C2 

gv+C2/V2 + X1V-S2 
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(C.12) 
(C.13) 



(C.14) 



(C.15) 



(C.16) 



(C.17) 



(C.18) 



Scalar/Higgs Particles 



The block-diagonalization of the Higgs/scalar mass matrix when the weak coupling between the Higgs and the 
sigma fields is included gives the following results. 

(i) neutral pseudoscalars: 

The physical pseudoscalar masses are given approximately by 



,,,2 _ ,,2 {My-Ay)\ 2 2 jMi-Ai)^ ^2 2 



Mi = 



{My - Ay) ^ 
2{rh'^ - M] 



^^2(to^-M2)^^'' ' 



2«-M2) 



(C.19) 
(C.20) 

(C.21) 



41 



up to the order of v^ /rn^j y, while the physieal pseudoscalar states are mixed aecording to the relation Op A^p Op 
diag(M^ , M\ , M\ ) with the mixing elements given approximately by 

n -n -n -i n - n - iMY-AY)XYV 

Upii — Up22 — (^P33 — ^ 1 <^P12 — —^P21 — ^- 



V2{n4 - Ml) ' 
{Mi - Ai)Xiv __ XyXiv^ 



Opi3--Op3l- ^7-775 77IT' 0P23 = -0P32 = ;r7;r;7j—; r;72T , (C.22) 



up to the order of v/mi^y. 

(a) neutral scalars: 

The bloek diagonalization is deseribed by the 2x2 matrix fls with its elements 

^ (2m|. - A|.f2)t;y Ay 

"S13 — T-Ty TT , "S23 — 



[m 



Y - m|)u ' my — M^ 



up to the order of v/Ma, v/myj- Performing these subsequent transformations gives rise to the four physical masses 



M\ — TO^ (m-y — m'^)v'^ {fh?j — m^)v'^ 



^ht = ™Z + 0HS2P +€H 772 —2 7:5:2 ^2\..2 -rZ2 „.2 N..2 ' (^'24) 



Ms, ^ Ma - 5hS2P + en/tp + ^ rh^ - Ml ' rhj - Ml ' ^^'^^^ 



(my — m?^)v'^ my — Ml 



nf2 _ ~2 . y^'^Y ^y^ J "Jy I ^Y (p nf.\ 



^^^-""^^ (m?-m|K +m?-Ml' ^^'^^^ 

up to the order of ?J^/Af^, u^/myj. and the 4x4 mixing matrix Os, connecting current with mass eigenstates as 
O'^MgOs ^ diag(M|^, • • • , MjJ, with its elements: 

~Os43 = , 



Osii-- 

Csi3 = 
Osi4 = 


= ^522 — Cs33 — C544 — 1 , 

(2m2^ - Xl^v^W 

- '^331 — . - 2 2 ^ ' 
(rriY — m^)w 

{2rhj-Xjv^)vj 

(-^S41 — . - 2 2 \ ' 


Osi2 — 
Os23 = 
Os24^ 


— Os21 - 

-©32 = 

-042 = 


= Sh, Os3i 

Ay 


ml - Ml ' 
A/ 


m|-Ml' 



(C.28) 

up to the order of v/Ma, v/mYj with the abbreviation Sh = sinOh. 
(Hi) charged scalars: 

In the weak coupling limit the charged H^ and s^ ^ states are mixed by the 3x3 matrix O ^ with components 

0|ii - 0%^2 - 0I33 - 1 ^ 0|i2 - -0I21 = Ai±/(m^^ - Ml) , 

^fl3 = -0|31=A2±/(™|- Ml), O|23 = -0|32 = O, (C.29) 

up to the order of v/Ma^ v/rriYj to generate the physical charged scalar masses 

Af|± = Ml^ - AlJirhf - Ml) - AlJirh] - Ml) , (C.30) 

A/|± ^ m'f+g\]clp/A{m]-m'f)+Al^l{rh'f-M\), (C.31) 



A/j± = pmfc^^/4(mf - m'/) + A^±/(mf - A//i) , (C.32) 

up to the order of v^/Ml, v'^/ml j. 
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